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Deep-fried foods are a significant source of dietary calories and their consumption is 
associated with breast cancer (BC) risk. Deep-frying food deteriorates oil through numerous 
physical, chemical and oxidative reactions, leading to the development of thermally abused 
frying oil (TAFO). These TAFOs contain diverse profiles of food processing-induced toxicants, 
such as aldehydes, acrolein, heterocyclic amines, aromatic hydrocarbons, and acrylamide, 
which may all have an impact on BC progression. However, the effects of consuming TAFO on 
BC metastasis remain unclear. Deaths from BC are not attributed to primary tumors; metastasis 
to visceral tissues is typically the primary cause of death. Thus, the impact of diets containing 
significant quantities of deep-fried foods, and therefore TAFO, on BC metastasis needs to be 
examined. Furthermore, since Americans consume over one-third of total calories from fat, the 
potential impact of a high-fat diet (HFD) combined with TAFO warrants investigation. 
 In this study, TAFO was produced and the effects of its consumption, as well as the 
addition of a HFD, on BC progression were evaluated using an in vivo bioluminescent murine 
model of BC metastasis. We report for the first time that the consumption of TAFO not only 
increased BC metastasis to the lungs by two-fold, but also induced morphological changes in 
the tumors, where they exhibited more aggressive and invasive morphological phenotypes. 
Moreover, TAFO treatment groups had metastatic tumors that were shown to be highly 
proliferative and apoptotic by immunohistochemistry. Further histopathological analysis of the 
pulmonary metastases localized within the lung tissue showed enhanced outgrowth of 
metastasis, particularly within blood vessels among the TAFO treatment groups. These data 
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CHAPTER 1: LITERATURE REVIEW AND INTRODUCTION 
 
Consumption of deep-fried foods is linked to cancer and a myriad of other detrimental 
health outcomes such as cardiovascular disease and gestational diabetes (Anand et al., 2008). 
Although epidemiological studies have associated high consumption of deep-fried foods with 
risk for cancer, the effects of these foods on cancer metastasis remain unclear. According to 
NHANES, dietary intake of energy from fat remains high (33.7% of the American diet), and 
consumption of fried foods is a major source of fat in the diet; oil content was shown to reach up 
to 40% of the total food product weight (Austin, Ogden, & Hill, 2011; Bouchon, 2009). Typical 
industrial deep-frying subjects oil to prolonged usage at elevated temperatures, leading to 
physical and chemical degradation of the oil by hydrolysis, isomerization, polymerization, and 
thermal oxidation (Dobarganes & Márquez-Ruiz, 2013). High heat combined with intermittent 
use contributes to the progression of frying oil into thermally-abused frying oil (TAFO) and the 
subsequent formation of food processing-induced toxicants, such as aldehydes, acrolein, 
heterocyclic amines, aromatic hydrocarbons, and acrylamide, all of which may affect cancer 
progression and metastasis (Dobarganes & Márquez-Ruiz, 2013). 
Deep-fat frying and consumption of fried foods 
 
Deep-frying food is one of the primary methods of food preparation worldwide, with its 
origins dating back to 1600 B.C. (Q. Zhang, Saleh, Chen, & Shen, 2012a). This cooking method 
processes and transforms raw foodstuffs into highly appealing and palatable foods that possess 
extremely desirable sensory attributes such as crispiness, umami, and aromatic Maillard 
reaction products. The most common types of oil utilized for deep-frying are derived from palm, 
sunflower, rapeseed, and soybean (Bouchon, 2009). Deep-fat frying is a complex process that 
is associated with dehydrating the food through internal steam evaporation. When food is 
placed into hot oil at approximately 180°C, it immediately causes the water localized at the 
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surface to evaporate. This change in surface osmolality induces the movement of internal water 
to the surface in order to equilibrate the osmotic pressure. As a result, this causes a steam layer 
to coalesce around the surface of the food, creating a stable crust with a microstructure that is 
both physically porous and filled with cavities. Once most of the internal water in the food has 
dissipated as steam, oil is absorbed into these porous crevices and this action finishes the 
cooking process. During this deep-frying process, volatile and aromatic Maillard reaction 
products are generated from numerous reactions beginning with the conjugation of amino acids 
with simple carbohydrates. The final food product is crispy and aesthetically appealing due to its 
golden brown coloration (Bouchon, 2009). Potential food processing-induced toxicants 
generated in the frying oil can not only be absorbed by the food, but the compounds within the 
food can also be released into the oil. 
Commercial deep-fat frying in the United States is a large part of the consumer 
economy, and is estimated to be worth $83 billion annually, and at least twice the amount for 
the rest of the world (Choe & Min, 2007). Frying oil comprises an enormous amount of the 
consumer industry, with worldwide production of more than 20 million tons annually (Dana & 
Saguy, 2006). The popularity of deep-fried food has accelerated in recent years, especially with 
the surging interest in gastronomy, food festivals and food trucks among consumers both 
domestically in the United States as well as internationally. Therefore, food safety must be 
addressed since frying oil is highly susceptible to degradation and deterioration through 
numerous complex chemical reactions. The diversity of potential undesirable compounds and 
food processing-induced toxicants produced within the oil is dependent on the macronutrient 
profile of the food that is fried, time and temperature of the oil, fatty acid profile of the oil and 
exposure to sunlight and air, as well as many other factors.  
Chemical reactions derived from the water content in the food and subsequent steam 
evaporation into the oil during frying causes hydrolysis of triglycerides and breakage of ester 
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bonds. As a result, free fatty acids, glycerol, monoacylglycerols, diacylglycerols are released 
into the oil. Moreover, exposure to air, light and elevated temperatures over long periods of 
frying time induces oxidative damage to the lipids, and unsaturated fatty acids commonly found 
in popular plant-derived frying oils such as soybean are highly susceptible (Dobarganes & 
Márquez-Ruiz, 2013). Foods with higher moisture contents will be able to hydrolyze the oil more 
rapidly than foods with lower water activities. In addition, free fatty acids and lipid oxidation 
breakdown products generate off-flavors, thereby decreasing the sensory attributes of the oil. 
Moreover, if the smoke point of the oil is reached, glycerol may be converted to acrolein, an 
unsaturated aldehyde that is also known as a potent toxicant, and release smoke (Choe & Min, 
2007). 
Thermal oxidation of oil during deep-fat frying is similar to autoxidation of lipids and 
follows the same mechanisms: initiation, propagation and termination (Choe & Min, 2007). 
Furthermore, the presence of water during frying alters the profile of volatile compounds in the 
oil. As the oil becomes increasingly degraded over time, the volatile components also dissipate. 
Oil that is higher in linoleic acid is more vulnerable to polymerization, compared to more 
saturated oils with higher proportions of oleic acid. High-oleic acid soybean varieties have been 
developed for utilization as the next generation of frying oil. In addition, triacylglycerols that 
interact with reactive oxygen species have the potential of producing cyclic monomers and 
polymers. Altogether, oxidized polymers in the oil facilitate its oxidation and accelerate its 
subsequent deterioration. In addition, other compounds can be formed within frying oil, such as 
heterocyclic amines and acrylamide, both of which are common potential toxicants produced 
from the Maillard reaction and lipid oxidation reactions (Q. Zhang, Saleh, Chen, & Shen, 2012b). 
Several parameters may affect the quality of the oil during deep-fat frying. One of the 
major factors that must be taken into consideration in order to attempt to prevent the 
progression of the degradation of frying oil is to regularly replenish the fryer with fresh oil. Frying 
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oil that is replenished regularly during continuous deep-frying reduces the amount of polar 
compounds, free fatty acids and lipid breakdown products, thereby increasing the stability and 
quality of the frying oil (Choe & Min, 2007). In addition, frying time and temperature of the oil are 
also key elements in maintaining quality. Long periods of frying time, combined with intermittent 
heating and cooling cycles not only increases the quantity of polar compounds, undesirable 
chemicals and potential toxicants, but also accelerates degradation of the oil. Although there are 
no nationally mandated threshold limits of polar compounds in frying oil, the gold standard of 
measuring oil quality, in the United States, other countries in the European Union have set 
guidelines as to when frying oil must be completely replaced with fresh oil. Regulations in these 
countries dictate that frying oil must be replaced when the total polar compounds content 
reaches approximately 25% at an oil/weight basis (Dobarganes & Márquez-Ruiz, 2013). 
Consumption of deep fried foods has been associated with numerous inflammatory 
conditions and chronic diseases including diabetes, cardiovascular disease, and various types 
of cancer in preclinical research models. Heterocyclic amines, mutagens generated in meat at 
high cooking temperatures, are commonly found in fried foods. Consumption of heterocyclic 
amines caused the metabolic activation and expression of xenobiotic metabolizing enzymes in 
the gastrointestinal tract of Wistar rats (Darwish et al., 2015). Moreover, long-term consumption 
of moderately oxidized canola frying oil increased adipose tissue and early endothelial 
dysfunction in Wistar rats (Bautista et al., 2014). Similarly in C57BL/6J mice, consumption of 
heated soybean oil had increased fat pad mass relative to the control diet (Penumetcha, 
Schneider, Cheek, & Karabina, 2013a). Ingestion of soybean deep-frying oil altered eicosanoid 
metabolism and elevated oxidative stress in both spontaneously hypertensive and Wister rats 
(Yen, Chen, Yang, & Lu, 2010). In a porcine model, canola oil was moderately oxidized by 
heating it for 72 hours and was fed to pigs for nearly a month. Consumption of this oxidized oil 
induced the nuclear factor erythroid-derived 2-like 2 signaling pathway, a response likely 
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attributed to mechanisms involved in preventing cellular oxidative damage (Varady, Gessner, 
Most, Eder, & Ringseis, 2012). Oxidized fat consumption in male pigs has also been found to 
induce oxidative stress and PPAR-γ upregulation (Ringseis, Piwek, & Eder, 2007). 
Transgenerational effects have also been reported, with the gestational ingestion of oxidized 
frying oil by C57BL/6J mice differentially affecting the susceptibility of the offspring to diet-
induced obesity in adulthood by gender (Chuang, Huang, Chang, Lin, & Chao, 2013). 
Gestational consumption of oxidized frying oil primes adult female offspring to obesity by 
accumulating fat in adipose tissue, and not the liver. 
Breast cancer metastasis, thermally abused frying oil and high-fat diet 
 
Breast cancer (BC) is the leading cause of cancer among women in the U.S., accounting 
for 231,840 of all new cancer cases annually (Siegel, Miller, & Jemal, 2015). The incidence of 
BC has been gradually increasing as countries from the developing world have integrated 
Western cultures and diets into their daily lifestyles and routines, thus, contributing to the 1.4 
million new diagnoses worldwide each year (F. Yang et al., 2015). Furthermore, approximately 
50% of all new BC diagnoses and 60% of all BC deaths are estimated to occur in developing 
countries (Redig & McAllister, 2013). The trends in BC incidence rates can be traced over the 
last several decades to four specific periods: stable increase (1943-1979), rapid increase (1980-
1999), gradual increase (2000-2002), sharp decline (2002-2003) and stable increase (2003-
present) (Toriola & Colditz, 2013). 
Deaths from BC are not attributed to the primary tumor, as metastasis to visceral organs 
such as the lung is the primary cause of death (Redig & McAllister, 2013). Metastasis of BC 
occurs in approximately 30% of women who were initially diagnosed with an early-stage form of 
BC (Redig & McAllister, 2013). In late-stage BC, approximately 65-75% of women have 
metastatic tumors in the bone (Cramarossa et al., 2013). However, mortality typically occurs 
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after tumors spread to visceral tissue, most commonly in the lung, and 90% of all BC deaths are 
attributed to metastasis alone (Cummings et al., 2013a). Although the combination of 
widespread breast cancer screening through early mammography detection methods and 
advancements in treatment have significantly decreased the mortality rate, this progress has 
only made a minor impact at reducing incidence of metastatic BC (Bleyer & Welch, 2012). 
Therefore, managing and living with metastatic BC is still an area that may need improvement, 
especially since women with BC have much extensively longer lifespans. As a result, diet may 
play an important and greater role in long-term metastatic BC outcomes.  
The American diet consists of approximately 34% kcals from fat, which is near the 
suggested maximum from the Dietary Guidelines for Americans for fat at 35% (Austin et al., 
2011). High body mass index (BMI) and weight gain during adulthood has been associated as a 
risk factor for postmenopausal BC (Zhao et al., 2013). The link between diet-induced obesity or 
high fat diets and breast cancer risk and progression is thought to be related to modifications in 
glucose metabolism, steroid hormone levels and inflammatory states (Zhao et al., 2013). 
Epidemiological studies have shown that increased intake of deep-fried food and well-done red 
meat may be associated with increased BC risk (Dai et al., 2002). Similar studies have reported 
that broiled or deep-fried meat can also contribute to BC (Hanf & Gonder, 2005a). Regular 
intake of deep-fried foods, especially French fries, fried chicken, fried fish and doughnuts, has 
also been linked to increased prostate cancer risk in men, likely through similar mechanisms as 
BC (Stott-Miller, Neuhouser, & Stanford, 2013). Furthermore, multiple other epidemiological 
studies have reported that fried food consumption is associated with weight gain, increased risk 
for overweight, obesity and central adiposity (Sayon-Orea et al., 2014). 
 The final fat content of deep-fried foods is highly variable and is dependent upon the 
food and its surface microstructure. Fried foods, commonly available at fast food establishments 
and vendors, are consumed by approximately one-third of Americans on a daily basis (Qi et al., 
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2014). For example, the fat content of potato chips ranges from 9-12% absorbed from frying oil, 
whereas breaded and battered food typically absorbs about 15-20%. However, French fries 
absorb the highest amount from frying oil, reaching up to 35-40% of the total fat content 
(Minihane & Harland, 2007). Data from the United Kingdom, a country who is experiencing an 
obesity epidemic similarly to the United States, has reported that fried food consumption 
contributes to approximately 7% and 14% of total saturated fat intake in adults and children, 
respectively (Minihane & Harland, 2007). In a clinical study, the consumption of sunflower frying 
oil alone modulated the serum eicosanoid profile and induced the increase of 
hydroxyoctadecadienoic acid metabolites, a marker that is specific to the intake of fried oils 
(Ferreiro-Vera, Priego-Capote, Mata-Granados, & Luque de Castro, 2013). Another clinical 
study in obese people found that supplementation of sunflower frying oil with phenolic 
compounds reduced post-prandial serum markers of oxidative stress compared to the control, 
suggesting that antioxidants may have a protective effect when consuming fried foods (Perez-
Herrera et al., 2013). Furthermore, analysis of three cohort studies in the United States involving 
the Nurse’s Health Study, Health Professionals Follow-up Study and Women’s Genome Study 
showed that fried food intake potentially interacts with genes that influence risk for obesity (Qi et 
al., 2014). 
Problem Investigated and Specific Aims 
Our long-term goal was to understand how TAFO consumption and its combination with 
a HFD may promote BC metastasis. The overall objective was to determine how TAFO intake 
may amplify BC invasiveness, especially when consumed in conjunction with a HFD, and 
elucidate how these metastatic processes may occur. Our central hypothesis was that TAFO 
promotes metastasis of BC through pathways associated with xenobiotic metabolism, 
inflammation and oxidative stress, and these effects may be further magnified with a HFD. Our 
hypothesis was based on published research linking high intake of deep-fried foods with an 
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increased risk for BC (Dai et al., 2001; Hanf & Gonder, 2005b). The rationale for the research 
project was that an understanding of how TAFO consumption may promote BC metastasis 
would provide insight for the development of lifestyle-focused preventative measures to reduce 
potential adverse effects caused by TAFO and a HFD. In order to test our hypothesis and 
accomplish our objectives we had the following specific aims: 
Specific Aim 1: Determine the impact of the consumption of thermally-abused frying oil, 
when fried with a specific food, on breast cancer metastasis using an in vivo mouse model. The 
hypothesis was that specific conditions (e.g., macronutrient profile and physical properties of 
food) would modulate the formation of undesirable compounds and food processing-induced 
toxicants within the oil upon thermal abuse, thereby affecting the proliferation, motility and 
invasiveness of BC cells within mice. 
Specific Aim 2: Characterize the physiological and pathological conditions by which a 
high-fat diet consumed with thermally-abused frying oil may facilitate breast cancer metastasis 
in vivo. The hypothesis was that consumption of TAFO with a HFD would further promote 
metastatic progression through pathways associated with xenobiotic metabolism, inflammation 
and oxidative stress within a mouse model of late-stage BC metastasis. 
The research design was an innovative and multifaceted approach for determining the 
mechanistic and physiological impact of TAFO consumption on risk for BC metastasis. These 
concurrent aims were devised in a manner to provide a pertinent and realistic approach for 
attaining translational evidence and allow for the evaluation of endpoints related to metabolism 
of potential toxicant components in TAFO. An understanding of how consumption of TAFO 
within deep-fried foods and a HFD may promote BC metastasis would allow for the 
development of diet-centered preventative measures both from the food industry and public 
health perspectives to improve food safety. 
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Deep-frying food is one of the oldest methods of cooking worldwide and has been 
utilized for thousands of years (Q. Zhang et al., 2012a). Although deep-fried foods have long 
been associated with BC, the mechanisms behind their potential effect on metastasis remain 
unclear and understudied. Industrial deep-frying methods promote the development of TAFO 
and processing-induced toxicants such as heterocyclic amines, polycyclic aromatic 
hydrocarbons, and acrylamide – all of which may be absorbed by food, and are known to induce 
carcinogenesis and possibly promote metastasis. Therefore, the intention was to determine how 
TAFO consumption may contribute to BC metastasis, and examine how dietary factors such as 
a HFD may potentially influence the progression of the disease. In turn, this knowledge would 
contribute to strategies designed for the implementation of dietary approaches to reduce the risk 
factors that may promote BC metastasis.  
The research design was innovative due to its practical approach of producing TAFO 
using commonly utilized industry-standard methods, and then chronically exposing them via the 
diet to mice and eventually evaluating their effects using a high-fat and bioluminescent in vivo 
model of metastasis. Toxicants formed in TAFO are individually associated with increased risk 
of ER- receptor-positive BC and are reported to promote BC invasiveness (Bennion et al., 
2005; Pedersen et al., 2010a). However, their concentrations and potential synergistic effects 
within TAFO as a whole food matrix, as well as when combined with a HFD, were unknown and 
had never been examined scientifically. Potential toxicants in TAFO are diverse and naturally 
present in varied proportions, and their concentrations are dependent on the temperature, time 
and macronutrient content of the frying oil and food type. Therefore, we produced TAFO under 
controlled conditions and evaluated their impact on BC motility and invasiveness using low-fat 
and high-fat BC metastasis models (X. Yang et al., 2013). This approach of producing TAFO 
realistically simulated both dietary consumer and industrial practices. Additionally, to our 
knowledge, TAFO consumption and its combination with a HFD within a preclinical model of BC 
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metastasis has never been studied before. We utilized our published model of late-stage BC 
metastasis in which metastatic tumors are implanted into the bone of mice, and subsequent 
tumor growth and metastasis to visceral tissues (lung) were visualized using bioluminescent 
imaging to assess how TAFO consumption promoted BC metastasis. Furthermore, our whole 
animal approach using engineered metastatic tumor cells allowed us to track how TAFO and 
HFD consumption increased BC metastatic progression to visceral tissue (i.e. lung) in “real-
time”.  
We selected the syngeneic orthotopic Balb/c model among other potential murine 
models (i.e., C57BL6J) and xenograft models of breast cancer metastasis due to its ability to 
readily metastasize spontaneously from the bone to visceral tissues such as the lungs. 
Alternative models either poorly or fail to metastasize from the bone and therefore would not 
have been as suitable as the immunocompetent Balb/c model chosen for this study. 
Furthermore, it has been shown that HFD induced hepatic steatosis and Balb/c mice are more 
susceptible to inflammation from exogenous sources compared to the C57BL6J mouse model 
(Nishikawa, Sugimoto, Okada, Sakairi, & Takagi, 2012). The HFD-induced inflammatory state 
facilitates formation of tumor microenvironments inundated with tumor-associated 
macrophages, thereby creating favorable conditions for metastatic migration, invasion, adhesion 
and proliferation. The 4T1 mammary BC tumor cell line was selected due to its ability to closely 
mimic stage IV human BC. In contrast to other tumor models, 4T1 cells can spontaneously 
metastasize to distant tissues such as lymph nodes and lungs. It is highly aggressive, invasive 
and readily metastasizes from the primary tumor location to distant sites after transplantation in 
Balb/c mice (Pulaski & Ostrand-Rosenberg, 2001). As a result, these attributes made it an ideal 
model for mimicking late-stage human metastatic BC in this study. 
Although the association of deep fried foods and cancer risk is established, there exists 
a distinct void regarding the effect of TAFO consumption on human health, particularly with 
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regards to BC metastasis. Compounds commonly formed in TAFO such as heterocyclic amines 
may have estrogenic activity, but their effect on BC progression and metastasis has not been 
explored. Furthermore, women who consumer lower amounts of saturated fat and trans fat after 
BC diagnosis are associated with improved survival with invasive breast cancer (Beasley et al., 
2011). As a result, the determination of the how TAFO consumption and its combination with a 
HFD may promote BC metastasis would be critical for the development of further measures to 
improve women’s health. Additionally, since BC survivors are living longer due to advances in 
treatment options, approaches focused on diet-centered lifestyle modifications would aid in 
preventing BC recurrence and blunting the progression into more invasive morphologies. 
The findings from this research have the potential to contribute significant knowledge as 
to how TAFO consumption and a high-fat diet may influence BC metastasis and therefore may 
help facilitate the development of dietary preventative strategies at both the food industry and 
consumer levels. BC metastasis to the lung and bone produces severe complications, such as 
pain and pathologic fractures, and is implicated in 90% of all BC deaths (Cramarossa et al., 
2013; Cummings et al., 2013b). Over the past 30 years, the incidence of late-stage metastatic 
BC has only decreased by 8%, despite widespread early-screening mammography (Bleyer & 
Welch, 2012). As a result, the focus has largely shifted to determining the etiology of BC 
metastasis. Among all preventable measures involved in BC progression to a metastatic state, 
diet remains a significant factor. Moreover, chronic consumption of a HFD comprised of mostly 
saturated fat (lard) increases mortality, solid tumor growth, and lung metastasis in mice (M. Kim 
et al., 2015), and therefore its potential contribution to the aggressiveness of BC metastasis with 




CHAPTER 2: MATERIALS AND METHODS 
 
Materials 
Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from the Cell Media 
Facility (School of Chemical Sciences, University of Illinois at Urbana-Champaign, Urbana, IL, 
USA). Heat-inactivated fetal bovine serum (FBS) was purchased from Atlanta Biological 
(Lawrenceville, GA, USA). Streptomycin/penicillin and sodium pyruvate were purchased from 
Cellgro (Manassas, VA, USA). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) was purchased from Sigma-Aldrich (St. Louis, MO, USA). MatrigelTM was purchased 
from BD Biosciences (San Jose, CA, USA). D-luciferin potassium was purchased from Regis 
Technologies (Morton Grove, IL, USA). Cleaved caspase-3 rabbit polyclonal antibody and Ki-67 
rabbit monoclonal antibody were purchased from Biocare Medical (Concord, CA, USA). Liquid 
soybean frying oil (Harvest Value), russet potatoes (Cross Valley Farms), raw frozen and 
breaded catfish (Bluewater) and raw breaded chicken tenderloins (Tyson) were purchased 
through US Foods Inc. (Rosemont, IL, USA). 
Production of TAFO 
TAFO was produced under controlled conditions in the Food Science and Human 
Nutrition Pilot Processing Plant (University of Illinois at Urbana-Champaign, Urbana, IL, USA). 
Three types of foods were fried using 7 L of industry-standard soybean frying oil in each fryer. A 
Cayenne® 15 lb. electric counter top fryer (The Vollrath Company, L.L.C., Sheboygan, WI, 
USA) was used to fry in consecutive and continuous cycles (400 g food/cycle) intermittently over 
the course of 16 hours at 180 ± 5 °C.  
The diversity of processing-induced toxicants formed within fried foods is highly 
dependent on the macronutrient profile of the food and its physical structure. Thus, treatment 
diets were made with TAFO from three different commonly fried foods known to generate 
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significant amounts of these compounds: fresh-cut potato French fries; and commercially 
bought breaded chicken breast tenders and breaded catfish. Potatoes were freshly prepared 
with a French fry cutter (Weston, Independence, OH, USA), washed to remove residual starch 
and drained; while the raw, uncooked breaded chicken strips and catfish nuggets remained 
frozen before being fried according to the manufacturer’s instructions. The potatoes, chicken 
and fish were fried until they reached the safe minimum internal temperature as mandated by 
the USDA, which was 11, 10 and 5 minutes, respectively per each frying cycle. The total 
quantity of food fried per trial with three independent trials produced was 33 pounds of potatoes, 
40 pounds of chicken and 60 pounds of fish. Aliquots of oil were reserved after every 5 frying 
cycles in order to monitor the degradation of the oil over time. The TAFO samples produced 
after 16 hours of frying from three independent trials were mixed together to create one 
cohesive lot and sent to Harlan Laboratories, Inc. (Madison, WI) to be incorporated into 
AIN93G-based mouse diets.  
Cell culture 
The ER-negative and luciferase-expressing murine 4T1 mammary carcinoma cell line 
was provided by Dr. David Piwnica-Worms from Washington University (St. Louis, MO, USA). 
4T1 cells were cultured in DMEM supplemented with 10 % HI-FBS, 100 unit/mL penicillin and 
100 μg/mL streptomycin at 37 °C in 5 % CO2. Cells were harvested at 70% confluence and 
seeded in a 96-well plate for cell proliferation assays or suspended in MatrigelTM for inoculation 
into mice. 
Cell proliferation assay 
4T1 cells (5 x 103/well) were seeded in a 96-well plate. Potato, chicken and fish TAFO, 
as well as fresh oil, were individually mixed in DMSO for 3 hours in a Lab-Line Orbit Environ-
Shaker (Lab-Line Instruments, Kerala, India). Cells were treated with the TAFO or fresh oil (1-
1000 µg/mL) dissolved in culture medium for 24 hours. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide) was added and the absorbance was read at 570nm with an EL800 
Universal Plate Reader (Bio-Tek Instruments Inc., Winooski, VT, USA).  
Animals and selection of murine model and transplantable BC cell line 
 
Ovariectomized female Balb/c mice (aged 4 weeks, n = 168) were purchased from 
Charles River Laboratories (Wilmington, MA, USA) and each mouse was housed individually at 
the Carl R. Woese Institute for Genomic Biology Animal Facilities (University of Illinois at 
Urbana-Champaign, Urbana, IL, USA). Mice were given ad libitum access to food and water. 
Artificial light was provided in a 12-hour light/dark cycle and food intake and body weights were 
monitored and recorded weekly. All experimental procedures were conducted under protocols 
approved by the Institutional Animal Care and Uses Committee at the University of Illinois at 
Urbana-Champaign. 
Study design 
Once the animals were received, they were acclimated to standard AIN-93G purified 
diets for two weeks followed by one additional week of transition with the consumption of either 
the low or high-fat modified AIN-93G control diets before receiving the TAFO treatment diets 
(Figure 1). Concentrations of soybean oil within each diet group were administered to the mice 
in ratios that are reflective of diets consumed by women after consumption of a meal in which 
approximately one third of their fat calories are from deep-fried foods. Animals received ad 
libitum access a low-fat (10% by weight, 23.4% kcal) or high-fat (24% by weight, 47.1% kcal) 
diets supplemented with either unheated fresh soybean frying oil or potato, chicken or fish 
TAFO (10% by weight) for 16 weeks. The high-fat diets contained additional 7% lard and 7% 
milkfat by weight. The TAFO treatment concentration across all groups was consistent at 10% 
by weight. The mice were randomly assigned into the following 8 treatment groups:  
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 Low-fat diet groups (10% fat by weight): AIN93G diet, 10% fat by weight derived 
entirely from: 
1) Unheated fresh soybean oil (SO)  
2) Potato thermally-abused frying oil (TAFO) 
3) Chicken TAFO 
4) Fish TAFO 
 High-fat diet groups (24% fat by weight): 7% lard, 7% milkfat and 10% fat by weight 
derived from: 
5) Unheated fresh SO 
6) Potato TAFO 
7) Chicken TAFO 
8) Fish TAFO 
 
Intra-tibial inoculation of mice with breast cancer 
After a feeding period of 16 weeks, 4T1 metastatic mammary gland tumor cells 
expressing luciferase were transplanted intra-tibially. Briefly, each mouse was anesthetized with 
isoflurane and a small incision was made at the patellar region of the right tibia. Then, a 26-
gauge needle was used to penetrate the tibia and create an access point into the bone marrow.  
Next, a 25 µl Hamilton syringe with a 27-gauge needle loaded with 4T1 cells suspended in 
MatrigelTM was used to deliver 1,000 tumor cells directly into the bone marrow of the tibia in 
each mouse. The incision wound was sealed with medical-grade adhesive, followed by a 
surgical staple. The surgical staples were removed 7 days post-surgery after the wounds had 
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healed. The mice continued to have ad libitum access to their treatment diets for an additional 
23 days post-injection. 
Bioluminescence imaging (BLI) 
BLI was conducted biweekly to monitor the growth and progression of the tumors using 
a custom-made BLI system (Stanford Photonics, Palo Alto, CA, USA) with a dual micro-channel 
plate ICCD camera. After every four days, mice were injected intraperitoneally with luciferase 
(15 mg/mL) and imaged under anesthesia via for a total of 20 days post-injection. 
Bioluminescence was recorded over the course of 3 min with the software Piper Control 
(Stanford Photonics, Palo Alto, CA, USA). Raw images of the bioluminescence from each 
mouse were visualized using the pseudocolor (royal) range indicator lookup table, where blue 
and red correspond to the lowest and highest intensities, respectively, and processed using 
ImageJ (NIH, Bethesda, MD, USA) and Photoshop Elements (Adobe, San Jose, CA, USA). The 
expression and area sums (µm2) of the raw images were quantified with AxioVision Rel 4.8 
(Carl Zeiss AG, Germany) at the Carl R. Woese Institute for Genomic Biology Core Facilities 
(University of Illinois at Urbana-Champaign, Urbana, IL, USA). 
Tissue preservation  
After euthanization, blood was collected from the inferior vena cava and after the 
addition of EDTA and centrifugation, the plasma was immediately frozen. The following tissues 
were rinsed with PBS, drained, weighed and immediately preserved in 10% formalin or frozen at 
-80°C: mesenteric, gonadal, perirenal and brown adipose tissue; uterus, lungs, liver, heart, 
kidneys, pancreas, spleen, aorta, skeletal muscle, tibia and mammary glands. The wet weight of 





Histopathological evaluation of livers 
Histopathological evaluation of liver cross sections was conducted on the images of the 
H&E slides. Regions of macrovesicular vacuolation, interpreted as lipidosis, were examined at 
up to 20x magnification and annotated using the NDP.view 2 software (Hamamatsu, 
Hamamatsu City, Japan). The tumors were classified according a scoring system for 
macrovesicular vacuolation developed by the pathologist: 
 0 – no vacuolation present 
 1 – occasional scattered hepatocytes contained a vacuole 
 2 – small numbers of hepatocytes were affected 
 3 – many hepatocytes were affected 
 4 – most hepatocytes in the area were affected 
RNA-sequencing of livers 
 RNA-sequencing of the livers and analysis of the data were conducted by Dr. Yukun 
Zhang. Livers from selected groups were utilized for RNA extraction using a Direct-zol RNA 
MiniPrep kit (Zymo Research, Irvine, CA, USA). RNA-sequencing and library preparation was 
conducted on the Illumina HiSeq 2500 platform at the High-Throughput Sequencing and 
Genotyping Unit by the Roy J. Carver Biotechnology Center (University of Illinois at Urbana-
Champaign, Urbana, IL, USA). Results from RNA-sequencing were conducted by weighted 
correlation network analysis (WGCNA) on all genes with p < 0.05. The output gene clusters 
from WGCNA are further categorized in DAVID based on their functions. 
Whole mammary mounts and terminal end bud evaluation 
 During tissue harvest, one mammary gland from each mouse was reserved for whole 
mounts. Mammary glands were spread and evenly distributed onto glass slides and stored in 
Carnoy’s fixative overnight at 25°C. Next, the mammary glands were defatted in acetone 
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overnight at 25°C and washed serially with an alternating combination of ethanol concentrations 
(25-70%) and distilled water over the course of 1 hours. After that, mammary glands were 
stained in carmine alum O/N and washed with several concentrations of ethanol (70-100%) over 
45 min. Xylene was then used to clarify the tissue for 30 min or until nearly translucent and 
mounted with Permount (Fisher Chemical, Hampton, New Hampshire, USA). Whole mounts 
were imaged using an Olympus SZ61 stereo microscope and cellSens platform software 
(Olympus, Tokyo, Japan). Gross quantification of terminal end buds and rating of the alveolar 
branching levels (0 to 3, denoting the highest level of branching) were conducted in a blind 
fashion without the knowledge of treatment groups. The independent counts from three trained 
observers were utilized for the final calculation. 
Quantification of metastatic lung tumors and immunohistochemistry 
Gross quantification of metastatic tumors in formalin-fixed lungs was conducted in a 
blind fashion without the knowledge of treatment groups. The independent counts from three 
trained observers were utilized for the final calculation. Immunohistochemistry of lung, liver, 
spleen and bone tissue was conducted by the Veterinary Diagnostic Laboratory (University of 
Illinois at Urbana-Champaign, Urbana, IL, USA). Tissues were embedded using Leica Formula 
R paraffin. Bones were decalcified with DeltaForm (Delta Medical Aurora, IL, USA) and 
processed overnight in a Sakura VIP6 Processor (Sakura Finetek, Torrance, CA, USA). Slides 
were stained with H&E, Ki-67 (1:300) or caspase-3 (1:100) and coverslipped using an 
automated stainer and coverslipper (Sakura Finetek, Torrance, CA, USA). Slides of tissue were 
imaged at 20x magnification using NanoZoomer Digital Pathology System (Hamamatsu, 
Hamamatsu City, Japan) at the Carl R. Woese Institute for Genomic Biology Core Facilities 
(University of Illinois at Urbana-Champaign, Urbana, IL, USA). Tumors exhibiting necrosis were 




Histopathological analysis of metastatic lung tumors 
Histopathological evaluation of metastatic lung tumors was conducted on the images of 
the H&E slides. Regions of hypercellularity were examined at up to 20x magnification and 
annotated using the NDP.view 2 software. The tumors were classified according to the 
pathologist as follows: 
a) Well-differentiated parenchymal, surface or perivascular tumor - solid tumors were 
composed of sheets of neoplastic epithelial cells. 
b) Intravascular tumor - tumor cells surrounding a vessel. 
c) Micrometastases - small foci of neoplastic cells ranging from 2 to about 100 tumor cells 
d) Tumor dispersed within alveoli - tumor cells often followed alveolar walls suggesting 
localization in capillaries. 
Statistical analysis 
Data was analyzed with a one-way and two-way analysis of variance (ANOVA) multiple 
comparison test adjusted by FDR, Student’s t test, Mann-Whitney or PROC GENMOD, Poisson 
Regression With Two Main Factors (Adjusted or No Adjustment For Dispersion) using Statistical 
Analysis System software version 9.3 (SAS Institute, Cary, NC, USA). Means of n = 8-21 were 
generated and adjusted with Least Significant Difference. Significant differences were reported 
at p ≤ 0.05.  
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CHAPTER 3: RESULTS 
 
Effect of TAFO on breast cancer cells in vitro 
In order to determine if any of the TAFO samples produced after 16 hours of frying may 
have had cytotoxic effects or any potential impact on cell viability, cell proliferation assays were 
conducted using a wide range of concentrations. Cell proliferation analysis of DMSO-solubilized 
TAFO (1-1000 µg/mL) in 4T1 metastatic murine mammary breast cancer cells showed that 
although some of the oil doses had statistically significant differences on proliferation after 24 
hours of treatment compared to the DMSO control, they were so marginal that they were likely 
not biologically relevant (Figure 2). Therefore, exposure to the fresh oil or the potato, chicken 
and fish TAFO neither increased nor decreased the quantity of viable breast cancer cells after 
24 hours.  
Effect of TAFO consumption on food intake in vivo 
 Following an acclimation period of two weeks on standard AIN-93G purified diets and an 
additional week with consumption of either the low or high-fat AIN-93G modified control diets, 
the mice received ad libitum access to the TAFO treatment diets for consumption. After 16 
weeks of consuming the TAFO diets, all of the LFD groups (3.9 kcal/g) consumed more on a 
weight by weight basis per week, approximately 0.5 g more, compared to their HFD (4.6 kcal/g) 
counterparts (Figure 3A). However, no significant effect on total caloric intake was observed 
among the different treatment groups (Figure 3B). All groups consumed approximately 10 kcals 
per day on a consistent basis. However, the HF groups were apparently able to sense that their 
food was more energy-dense and consequently self-regulated their consumption in order to 
maintain the same caloric intake each week. Therefore, the LF and HF groups received the 
same caloric density, regardless if they consumed a diet containing the fresh oil or varying types 
of TAFO as a treatment. 
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Effect of TAFO consumption on body weight in vivo 
Body weights of mice were closely monitored on a weekly basis upon arrival. Initial 
monitoring during the first few weeks of TAFO consumption showed that the caloric intake 
remained relatively equal among all treatment groups, indicating that pair-feeding was not 
necessary in order to ensure equal distribution of TAFO in each group. Therefore, the animals 
continued to receive ad libitum access to the diets for a total period of 16 weeks of TAFO 
consumption before BC injection. During this period, the LFD or HFD diets and treatments did 
not significantly alter the body weights of the mice over time on a weekly basis and none of the 
groups appeared to have deviated from the general progression in body weights as the mice 
matured (Figure 4A). It appeared that since the mice that received the HFD adapted to their 
energy-dense diets by reducing their weekly caloric intake, they were able to maintain their body 
weights comparably to the LFD groups. However, further investigation using comparative 
analysis of the body weights of the oil groups immediately prior to being euthanized showed that 
the HFD had a marginal but significant effect by increasing the final overall body weights by 3% 
relative the LFD counterparts (Figure 4B). 
Effect of TAFO consumption on tissue mass 
 Major organs and tissues were collected and weighed on a wet basis immediately after 
sacrifice in order to evaluate if the treatment diets had an impact on the growth or proliferation of 
these tissues. Analysis of these data showed that the LFD, HFD, or supplementation with TAFO 
in either did not have a statistically significant effect on the perirenal adipose tissue (Figure 5), 
pancreas (Figure 6) or lung weights (Figure 7) after normalization with the average body weight 
of all animals, excluding biological outliers. 
 Adipose depot weights were differentially modulated depending upon the treatment diet 
consumed. Regarding mesenteric adipose tissue weights, there was no significant difference 
between the LFD and HFD groups. However, the chicken TAFO significantly decreased 
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mesenteric adipose tissue mass by 12% compared with any other treatment groups (Figure 8). 
Gonadal adipose tissue was similarly modified, as there was not a significant difference 
between any of the LFD and HFD groups, but the chicken TAFO significantly reduced gonadal 
adipose tissue weight by 17% compared with any other treatment groups (Figure 9). Brown 
adipose tissue weights were significantly decreased in the HFD compared to its LFD group 
counterparts. Moreover, the fish TAFO caused a 6.5% reduction in brown adipose tissue mass 
compared with any other treatment groups (Figure 10). This specific effect was observed only in 
the fish TAFO group. 
 The TAFO treatment diets modified the mass of several of the major organs. The HFD 
significantly increased uterine weight by 23%, whereas the potato and fish TAFO caused a 
corresponding reduction compared to any other treatment groups (Figure 11). In the liver, the 
HFD had no significant effect on the weight of any groups. However, TAFO supplementation 
significantly increased liver weights in both the LFD and HFD groups, with the chicken TAFO 
group having the highest mass, followed by the fish and potato groups, respectively (Figure 12). 
Regarding the kidneys, the HFD significantly increased kidney weights by 4%, compared to the 
LFD groups and the TAFO treatments did not have an effect (Figure 13). Spleen weights were 
significantly increased by 13% from the HFD compared to their LFD counterparts. However, 
there was not a TAFO effect observed in the spleen (Figure 14). 
Effect of TAFO consumption on the histopathology of the liver 
Histopathological analysis of liver cross sections conducted on the images of the H&E 
slides showed that all animals exhibited evidence of variable amounts of hepatocellular 
glycogen and extramedullary hematopoiesis, a pathological condition in which organs outside 
the bone marrow undergo hematopoiesis (data not shown). Macrovesicular vacuolation, 
interpreted as lipidosis where lipid metabolism in tissues has been altered, was scored from a 
scale ranging from 0 (no vacuolation) to 4 (severe vacuolation) to describe the severity of lipid 
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accumulation (Figures 15-19). The presence of a metastatic liver tumor was detected in one 
animal but not was commonly observed (Figure 20, LFD chicken TAFO). In addition, minimal 
necrosis and mild centrilobular hepatocellular hypertrophy was observed (Figure 21). 
Macrovesicular vacuolation was characterized by the presence of a single large discrete 
vacuole displacing the nucleus within the hepatocyte while microvesicular vacuolation by 
multiple small discrete vacuoles within a hepatocyte. Macrovesicular vacuolation was present in 
all groups except LFD fresh oil and LFD chicken TAFO. Within the LFD potato TAFO and LFD 
fish TAFO groups, livers possessed minimal to mild vacuolation, while the HFD groups had 
significantly more severe vacuolation. All of the TAFO and HFD factors exerted a statistically 
significant effect when compared to their respective controls (Figure 22A). Further analysis 
showed that all of the HFD fresh oil, HFD potato TAFO, HFD chicken TAFO and HFD fish TAFO 
had significantly 1.89, 4, 1.75 and 1.51 fold more macrovesicular vacuolation, respectively, than 
their LFD counterparts (Figure 22B). However, mild microvesicular vacuolation was present in 
one animal in the LFD fresh oil group and a few animals in the HFD groups. Vacuolation was 
either centrilobular to midzonal in location or scattered but primarily centrilobular (data not 
shown). 
Effect of TAFO consumption on RNA-sequenced liver genes  
  Due to the fact that TAFO supplementation significantly increased the liver weights, the 
LFD fresh oil, LFD chicken TAFO, LFD fish TAFO, HFD fresh oil and HFD fish TAFO groups 
were selected for RNA-sequencing in order determine how consumption of the TAFO affected 
expression of hepatic genes throughout the transcriptome. RNA-sequencing generated a heat 
map of 455 genes that were modulated in the liver amongst the five treatment groups selected 
(Figure 23). The heat map showed distinct differences in how certain clusters of genes were 
either downregulated (blue) or upregulated (red) when supplemented with TAFO. When 
compared to the LFD fresh oil, the LFD chicken and fish TAFO groups had decidedly more gene 
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clusters that were downregulated. On the other hand, when the HFD was supplemented with 
either fresh oil or fish TAFO, it induced the downregulation of an array of gene clusters.    
Further analysis showed that LFD chicken TAFO significantly upregulated genes related 
to lipid metabolism, compared to the LFD fresh oil control (Figure 24). The LFD fish TAFO, HFD 
fresh oil and fish TAFO groups were unaffected. Compared to the LFD fresh oil control, LFD 
chicken TAFO and LFD fish TAFO significantly downregulated genes associated with oxidation-
reduction, P450 and inflammation (Figure 25). However, the HFD fresh oil and fish TAFO did 
not exert a statistically significant difference on these same genes relative to the LFD fresh oil 
control. LFD chicken TAFO and fish TAFO, as well as the high-fat fish TAFO, significantly 
upregulated genes related to fatty acid metabolism and the PPAR family, compared to the LFD 
fresh oil control (Figure 26). On the other hand, the HFD fresh oil did not modulate these same 
clusters of genes. Overall, TAFO consumption altered the expression of multiple genes 
associated with xenobiotic metabolism, oxidative stress and lipid metabolism in the liver.  
Effect of TAFO consumption on terminal end bud proliferation and ductal branching in 
whole mounts of mammary glands 
 Evaluation of terminal end buds (TEB) and ductal branching in whole mounts of 
mammary glands from ovariectomized (OVX) mice is commonly used as an indicator of 
physiological estrogenic activity, and is typically derived from exogenous sources such as the 
diet. Gross evaluation of the mammary gland epithelial structure and morphology (small ducts, 
large ducts and terminal end buds) of all eight treatment groups showed that the diets did not 
appear to have an apparent estrogenic effect, as there was minimal ductal branching and 
proliferation of both terminal end and alveolar buds, especially when compared with a low-dose 
estrogen pelletized OVX positive control (Figure 27). Gross quantification of the level of ductal 
branching was conducted by three independent observers, where ratings ranged from “0” to 
indicate negligible branching, to “3” which corresponded to mammary glands that showed high 
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levels of ductal branching. Neither the TAFO nor HFD factors had a significant effect on ductal 
branching in the whole mounts of the mammary glands (Figure 28). However, there was a 
TAFO effect observed in the TEBs. The TEB counts of HFD supplemented with potato TAFO 
was significantly higher compared to its LFD fresh oil counterpart, increasing its TEB count by 
141.29% (Figure 29). Further analysis showed that in the LFD, the TEB count in the potato 
TAFO group was significantly lower than the chicken and fish TAFO (Figure 30). There was not 
a significant difference observed on TEBs in the LFD fresh oil or any of the HFD treatment 
groups. 
Effect of TAFO consumption on breast cancer metastasis 
 Intra-tibial injection of mice with breast cancer cells in the right leg allows for the tumor 
cells to infiltrate into the blood and eventually metastasize to visceral organs such as the lung 
(Figure 31), which is the most common destination for this specific model. Gross quantification 
of metastatic tumors conducted on formalin-fixed lungs, where independent observers visually 
identified individual tumor nodules on the surface, showed that there were distinct treatment 
effects, indicating that the diet received may have directly affected the migration and invasion of 
the tumor cells. Mice that received the HFD fresh oil had significantly 85.5% more metastatic 
lung tumors, compared to the LFD fresh oil control (Figure 32). Moreover, consumption of the 
LFD fish TAFO exerted a similar effect to the HFD fresh oil and caused a statistically significant 
80% increase in the number of metastatic lung tumor nodules, compared to the LFD fresh oil 
control (Figure 32). However, when the HFD was supplemented with fish TAFO, this caused a 
statistically significant 15.2% reduction in the number of metastatic lung tumors, compared to 
the HFD fresh oil control (Figure 33). Therefore, there was a potentially antagonistic effect due 
to the addition of the fish TAFO to the HFD. Overall, the HFD and fish TAFO appeared to be 
exerting the most biologically active effect on the progression of breast cancer metastasis. No 
other statistically relevant effect was observed in the other TAFO groups. 
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Effect of TAFO consumption on cell proliferation (Ki-67) in metastatic tumors 
Ki-67, a nuclear protein commonly utilized as a marker for cell proliferation, is 
constitutively expressed only during all active phases of the cell cycle (G1, S, G2 and mitosis). 
Regions of hypercellularity identified as tumor tissue by a pathologist were selected for 
immunohistochemical analysis and quantified to evaluate what impact the treatment diets had 
on cell proliferation levels. High-resolution images of lung cross sections showed that Ki-67 
expression was increased and highly reactive within pulmonary metastases, compared to the 
surrounding normal lung tissue. 
 Comparison of the four oil treatments (fresh oil, potato TAFO, chicken TAFO and fish 
TAFO) together in the LFD group showed that the LFD potato, LFD chicken and LFD fish TAFO 
were all significantly higher and more proliferative than the LFD fresh oil control by 1.8, 1.4 and 
1.2 fold, respectively. But there was not a significant difference between the LFD chicken and 
LFD fish TAFO groups. The LFD potato TAFO were also significantly 1.28 and 1.15 fold higher 
in Ki-67 expression than the LFD chicken and LFD fish TAFO diet groups. Amongst the 
treatment oils in the HFD groups, the HFD potato TAFO and HFD chicken TAFO caused a 
significant reduction in Ki-67 expression by 20.68% and 34.27%, respectively, compared to the 
HFD fresh oil control. Moreover, the HFD fish TAFO had significant 1.16, 1.47 and 1.77 fold 
higher Ki-67 expression in its metastatic lung tumors than the HFD fresh oil, HFD potato TAFO 
and HFD chicken groups, respectively (Figure 34A). Comparative analysis between the LFD 
and HFD groups showed that the HFD fresh oil significantly increased Ki-67 expression by 1.35 
fold, compared to the LFD fresh oil. However, the LFD potato TAFO and LFD chicken TAFO 
caused a significant 40.4% and 36.85% reduction in Ki-67 expression, compared to their HFD 
counterparts (Figure 34B). There was no significant observed difference between the LFD and 




Effect of TAFO consumption on cellular apoptosis (caspase-3) in metastatic tumors 
 Immunohistochemical analysis of the lungs utilized an antibody to detect expression 
levels of the active cleaved caspase-3 form, a protein that is responsible for mediating the 
apoptotic cascade. Areas of lung tissue that were deemed hypercellular by the pathologist were 
selected for further analysis and quantification to decipher if there was a treatment specific 
effect on apoptosis in the tumor cells. High-resolution images of lung cross sections showed 
that cleaved caspase-3 activity was elevated and highly reactive within the metastatic tumors, 
compared to the surrounding normal lung tissue.  
When comparing the TAFO treatments to the LFD fresh oil control, the LFD potato 
TAFO, LFD chicken TAFO and LFD fish TAFO diets significantly increased cleaved caspase-3 
apoptotic indices by 3.17, 3.34 and 3.08 fold, respectively. Within the HFD groups, the HFD 
chicken TAFO and HFD fish TAFO significantly increased the apoptotic indices within the 
tumors by 1.92 and 2.8 fold, respectively, compared to the HFD fresh oil control. There were not 
significant differences between the HFD fresh oil and HFD potato TAFO groups or between the 
HFD potato TAFO and HFD chicken TAFO diets. However, the HFD fish TAFO group was also 
significantly higher than the HFD potato TAFO (Figure 36A). Comparative analysis between the 
LFD and HFD groups showed that HFD fresh oil significantly increased cleaved caspase-3 
expression by 2.78 fold, compared to the LFD fresh oil control. Additionally, the HFD chicken 
TAFO and HFD fish TAFO groups increased apoptotic indices by 1.6 and 2.54 fold, compared 
to their LFD counterparts (Figure 36B). There was not a significant difference detected between 
the LFD and HFD potato TAFO groups (Figure 37).   
Effect of TAFO consumption on lung and bone tumor histopathology 
Histopathological evaluation of pulmonary metastatic tumors conducted on the images of 
the H&E slides, where regions of hypercellularity were analyzed by a pathologist in order to 
identify individual tumors, allowed for the classification of tumors according to their respective 
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levels of aggressiveness. After a full evaluation of every tumor present in the lung tissue was 
conducted, the data showed that there were several distinct categories which reflected the 
morphological attributes of the tumors.  
Well-differentiated solid tumors were composed of sheets of neoplastic epithelial cells 
(Figure 38).  Many of these were located at the periphery of the lung, often located subpleurally 
and protruding from the surface, resulting in visible surface tumors that were easily 
distinguished from normal tissue. Foci of lymphocytes and scattered neutrophils were present 
within select tumors. Some of these metastatic tumors had centrally located necrotic areas 
(Figure 39) within the core, showing numerous remnants and fragmentation of cells, as well as 
gelatinous substances within the tissue. These were identified for exclusionary purposes for 
quantitative analysis and tumors with similar characteristics were also found deeper within the 
lung.  
Metastatic tumors surrounded large blood vessels in some of the treatment groups such 
as the HFD fresh oil and LFD fish TAFO (Figure 40). Sheets of either well differentiated 
neoplastic epithelial cells or less well differentiated cells would envelope the vasculature. 
Additionally, some of the less differentiated tumors were composed or spindeloid (elongated) 
cells, which typically is associated with more advanced progression in tumor cells (Figure 41).  
Pulmonary intravascular metastases contained tumor cells that were presented as 
emboli or thrombi (within blood vessels) that would at times invade into the vascular wall and 
perivascular tissue (Figure 42). The affected vasculature contained variable numbers of 
neoplastic epithelial cells that often completely occluded, obstructed and greatly distended the 
vasculature. In some cases, the neoplastic cells were observed invading the vessel wall and/or 
the perivascular tissue. Moreover, vessel wall changes included endothelial cell hypertrophy 
and hyperplasia of smooth muscle.  
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Micrometastases, small foci of neoplastic cells ranging from 2 to about 100 cells, often 
about 30, were scattered throughout the lung parenchyma (Figure 43). These are assumed to 
be in the small parenchymal vasculature. Micrometastases appeared to more prevalent in the 
treatment groups selected for further evaluation, including LFD fish TAFO, as well as HFD fresh 
oil and HFD fish TAFO. 
Dispersed tumors, nonspecific aggregations of neoplastic cells spread throughout a 
region, often followed alveolar walls which suggest that localization of tumor cells is occurring 
within the capillaries (Figure 44). Where this distribution was present, it often extended over an 
extensive area and therefore could not be quantified appropriately due to its pervasive nature. 
Moreover, in several animals this type of tumor distribution was associated with alveolar edema 
and hemorrhage. The tumor classifications were condensed into four major groups containing 
well-differentiated parenchymal tumors, intravascular tumors, micrometastases and tumors 
dispersed within alveoli.  
 Histopathological evaluation of H&E cross sections of the tibial tumor and entire leg 
including foot showed that neoplastic epithelial cells were present and extended into the 
surrounding musculature of the leg (red arrow, Figure 45A). Morphological review of the cell 
types present within the tibia indicated that neoplastic cells were potentially observed within the 
blood vessels and bone marrow. In addition, tumor cells frequently exhibited spindeloid 
characteristics, possibly indicating more advanced progression. Bone marrow in both the intra-
tibially injected leg (right) and opposite left leg were hyperplastic and generally expanded, filling 
the whole cavity with large quantities of neutrophils (maturation sequence) and increased 
numbers of megakaryocytes (Figure 45B). 
Effect of TAFO consumption on metastatic lung tumor aggressiveness levels 
Histopathological analysis of pulmonary metastatic tumors conducted on the images of 
the H&E slides depicting regions of hypercellularity showed that the consumption of TAFO 
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increased tumor aggressiveness levels in mice (Figure 46). Neither the HFD nor fish TAFO 
factors induced a statistically significant effect on the number of well differentiated parenchymal, 
perivascular and surface tumors compared to the LFD fresh oil control (Figure 47). The 
consumption of LFD fish TAFO significantly increased the number of intravascular tumors by 
3.96 fold compared to the LFD fresh oil control (Figure 48). However, the HFD fresh oil and 
HFD fish TAFO diet treatments did not affect the prevalence of intravascular lung tumors in a 
statistically significant manner. Compared to the LFD fresh oil control, the consumption of LFD 
fish TAFO, HFD fresh oil, as well as HFD fish TAFO significantly increased the number of 
micrometastases in the lungs by 2.75, 3.27 and 5.55 fold, respectively (Figure 49). Furthermore, 
compared to the LFD fresh oil control, the consumption of LFD fish TAFO, HFD fresh oil and 
HFD fish TAFO had the most distinct differences, significantly increasing the number of 
pulmonary tumors dispersed within the lung alveoli by 43.7, 48 and 74.6 fold, respectively 
(Figure 50). 
Effect of TAFO consumption on tumor bioluminescence 
 Bioluminescence imaging (BLI) in the intra-tibially injected mice with 4T1 metastatic 
mammary gland tumor cells expressing luciferase, where blue and white corresponded to the 
lowest and highest intensities, respectively, showed variability in both the distribution and 
concentration of tumor cells among the diet treatment groups. BLI monitoring of the growth of 
the implanted tumor cells showed that on the initial imaging session on post-injection day four, 
the tibias had been readily colonized by the breast cancer cells and were actively proliferating, 
as shown by the white intensities (Figure 51). Evaluation of the processed images indicated that 
the treatment groups, LFD fish TAFO, HFD fresh oil and HFD fish TAFO appeared to have 
greater BLI intensities than the LFD fresh oil control emanating from the tibial region due to the 
high concentrations of white. At post-injection day 20, all groups expressed bioluminescent 
activity in the lung region, indicating tumor cells had metastasized from the tibial implantation 
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site (Figure 51). However, the LF fish TAFO, HFD fresh oil and HFD fish TAFO seemed to not 
only have markedly larger tibial tumors, but also higher and more concentrated levels of 
bioluminescent activity in the pulmonary region, compared to the LFD fresh oil control. 
 Quantification of the area and mean sums of the bioluminescent intensities at the tibial 
region showed that tumor progression amongst the eight diet groups up until post-injection day 
20 (Figure 52). The tibial BLI expression remained similar throughout the post-injection period, 
but beginning at day 16, the LFD chicken, HFD chicken and HFD fish appeared to have tumors 
with greater quantities of cells localized within the tibial region, as demonstrated by their higher 
intensities, compared to all other groups. This trend continued up until the last BLI period at 
post-injection day 20. Further analysis conducted on the BLI intensities of each post-injection 
period yielded results that were largely similar between the treatment groups and did not seem 
to have a diet-related effect. No significant effect on the BLI intensities was observed from the 
diet consumed from BLI on post-injection day 4 through day 16 (Figures 53-56). However, a 
treatment effect was detected on post-injection day 20, where quantification of the tibial tumors 
showed that the HFD fish TAFO group significantly increased the bioluminescent intensity by 
46.9%, compared to its LFD fish TAFO counterpart (Figure 57A). In addition, at post-injection 
day 20, the BLI of the LFD chicken TAFO group was significantly higher by 39.9%, than the LFD 
fish TAFO group. Moreover, the HFD chicken TAFO group significantly increased the 
bioluminescent activity by 44.7%, compared to the HFD fresh oil control (Figure 57B). 
         Analysis of BLI processed images overlaid over the silhouette of the mice showed that 
the percentage of animals possessing pulmonary metastatic tumors was not linear over time 
(Figure 58). At post-injection day 4, the BLI metastasis percentage counts of the HFD groups 
were significantly higher than the corresponding LFD groups for the fresh oil and fish TAFO. For 
example, the HFD fresh oil group and HFD fish TAFO had 16.65% and 14.29% of mice with 
metastatic lung tumors, respectively, as opposed to 6.34% and 6.34% in their LFD counterparts. 
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The BLI metastasis percentage count of the HFD chicken TAFO (1.67%) was significantly lower 
than its respective LFD chicken TAFO group (9.51%). No significant differences were observed 
among the LFD fresh oil, LFD potato TAFO, LFD chicken TAFO and LFD fish TAFO groups. 
Additionally, the HFD chicken TAFO group had significantly fewer metastatic tumors than the 
HFD potato TAFO, fish TAFO and fresh oil groups. Moreover, the metastasis counts of the HFD 
potato TAFO group was 7.93%, significantly lower than the HFD fresh oil and HFD fish TAFO 
groups (Figure 59). 
At post-injection day 8, the BLI metastasis percentages of the HFD fresh oil group was 
significantly lower than its LFD fresh oil counterpart at 33.34% and 54.55%, respectively. The 
HFD potato TAFO group had significantly more mice with metastases, compared to its 
respective LFD potato TAFO group. Furthermore, the HFD potato TAFO had significantly more 
mice with metastases compared to the HFD fresh oil, HFD chicken TAFO and HFD fish TAFO 
groups. Additionally, the BLI metastasis percentages of the LFD potato TAFO group was 
significantly lower than the LFD fish TAFO and LFD fresh oil groups. Moreover, the LFD chicken 
TAFO group had significantly fewer mice with metastases compared to the LFD fresh oil control. 
The LFD fish TAFO group was significantly lower at 44.45% in BLI metastasis percentages, 
compared to the LFD fresh oil control (Figure 60). 
 At post-injection day 12, the percentage of mice with pulmonary metastases in all the 
HFD groups was significantly lower than the LFD counterparts, except for the potato TAFO 
groups, where HFD potato TAFO was significantly higher than the LFD potato TAFO (56.67%). 
Additionally, the HFD potato group had significantly more mice with lung tumors (71.42%) 
compared to the HFD fresh oil (62.33%), HFD chicken (51.67%), and HFD fish TAFO (34.91%) 
groups. The LFD potato TAFO had significantly fewer mice with metastatic lung tumors, 
compared to the LFD fresh oil control and LFD chicken TAFO groups. Moreover, the LFD fish 
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TAFO group had a higher BLI metastasis percentage than the LFD fresh oil and LFD chicken 
TAFO groups (Figure 61). 
 At post-injection day 16, the BLI metastasis percentages in the LFD potato TAFO was 
lower than its HFD potato TAFO counterpart, at 47.67% and 71.42%, respectively. The number 
of mice with pulmonary metastases in the LFD chicken TAFO group was significantly higher at 
56.67%, compared to the HFD chicken TAFO at 42.87%. The LFD potato TAFO group had 
significantly fewer mice with metastatic tumors, compared to the LFD chicken TAFO and LFD 
fresh oil control (59.09%). The HFD chicken TAFO group had significantly lower BLI metastases 
compared to the HFD fish TAFO, HFD fresh oil, and the HFD potato TAFO. Further, the HFD 
fish TAFO (55%) group had significantly less mice with lung metastases compared to the LFD 
potato TAFO group (Figure 62). 
 At post-injection day 20, the number of mice with metastatic pulmonary tumors in the 
HFD potato TAFO (73%) and HFD chicken TAFO (78.33%) were significantly higher than their 
LFD equivalents. The LFD potato TAFO (47.63%) and LFD chicken TAFO (43.87%) groups 
were both significantly lower in the BLI metastasis percentages compared to the LFD fish TAFO 
group (65%). The BLI metastasis counts of the HFD fresh oil group (60.6%) was significantly 
lower than the HFD potato TAFO and HFD chicken TAFO groups. In addition, the HFD fish 
TAFO (64.92%) group had fewer mice with metastatic lung tumors compared to the HFD 





CHAPTER 4: DISCUSSION AND CONCLUSIONS 
 
Deep-fried foods are a common source of calories in the American diet and TAFO. 
TAFO contains diverse profiles of undesirable compounds and potential food processing-
induced toxicants, all of which may play a role in BC metastasis. Consumption of deep-fried 
foods has been linked to BC in epidemiological studies, but their potential impact on BC 
metastasis was largely unknown and not yet reported in the literature. Since BC metastasis is 
the most common cause of BC mortality and women are living longer with BC due to early 
detection and advances in treatment options, other risk factors may be critical in BC outcomes. 
Therefore, environmental circumstances such as the diet may have a greater influence on BC 
outcomes and must be taken into consideration, especially those that contain TAFO. 
Furthermore, since Americans consume over one-third of total calories from fat, HFD consumed 
in conjunction with TAFO would allow for further understanding as to how these dietary 
constituents may impact BC progression and more specifically, metastatic outcomes. In this 
study, we report for the first time that TAFO consumption, as well as the addition of a HFD, 
significantly alters BC progression and tumor invasiveness in an in vivo bioluminescent Balb/c 
murine model of BC metastasis. 
Initial cell culture work to determine if the TAFO was cytotoxic or affecting cell 
proliferation in 4T1 tumor cells showed no significant effect from the treatments. Treatment of 
DMSO-solubilized TAFO at varying concentrations, even up to 1000 µg/mL, did not alter cell 
proliferation. This indicated that the different types of TAFO, even at very high levels, did not 
induce cytotoxicity or significantly affect breast cancer growth patterns. As a result, this showed 
that TAFO would likely not have a potential detrimental effect on the health of the mice. This 
was of one of the major concerns as the total length of the study spanned a course of nearly 5 
months, with the mice consuming these treatment diets on a daily basis during the entire study 
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period. Any potential systemic or adverse effects would have forced the study to be suspended 
and canceled.  
Although our TAFO solubilized samples did not alter cell proliferation in a biologically 
relevant manner, other groups have reported effects by utilizing commonly found compounds 
found in TAFO. The constituents within the TAFO were extracted and solubilized in the same 
manner as a study involving polycyclic aromatic hydrocarbons (PAHs) derived from the 
Deepwater Horizon oil (Wilk et al., 2013). PAHs are derived from the incomplete combustion of 
organic materials such as cigarette smoke, deep-fried food and crude oil. Treatment of DMSO 
solubilized PAHs in human polyomavirus JC-positive mouse fibroblast cells induced oxidative 
DNA damage and altered DNA repair fidelity. The effects of TAFO in other cancer types have 
also been studied in vitro. For example, the human hepatoma cell line, Hep G2, was treated with 
PAHs extracted from the repeated deep-fat frying of fish and showed a reduction of cell 
proliferation through cytotoxic mechanisms associated with the metabolic activation of PAHs 
(Pandey, Pant, & Das, 2006). Another type of compound commonly found in TAFO that has 
been studied in vitro is lipid hydroperoxides. Linoleic acid hydroperoxides enhanced the growth 
of hepatocarcinoma cells (HCC-1.2) by shifting the proportion of cells to the S or G2/M-phase, 
enhanced lactate dehydrogenase release and induced intracellular hydrogen peroxide 
production (Rohr-Udilova et al., 2008). Additionally, exposure of colonal human intestinal cancer 
cells (caco-2) to oxidized lipids in vitro has also been shown to reduce cell viability, induce 
oxidative damage and increase apoptosis (Alghazeer, Gao, & Howell, 2008). Similar effects 
related to oxidative stress and apoptosis in murine macrophages (Ana-1) after treatment with 
triacylglycerol polymers were reported (Cao, Wang, Zhang, & Wang, 2013). These data show 
that among many constituents found in TAFO, there are a variety of TAFO-derived compounds 
such as polyaromatic hydrocarbons, lipid hydroperoxides and oxidized lipids which may all 
potentially contribute to cancer progression. Although the focus of our in vitro work was to 
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simply assess the potential cytotoxicity of our TAFO samples on 4T1 tumor cells, the impact of 
these compounds reported in the literature show that these chemicals have diverse effects on 
metabolic pathways associated with cancer. Therefore, the effects we observed in our study 
could be attributed to bioactivation of these compounds in mice. 
Food intake throughout the entire period of the study showed that the LFD groups 
consumed more on a weight by weight basis per week, compared to their HFD counterparts, but 
this was expected due to the innate ability of the Balb/c mouse strain to be resistant to obesity. 
This observation was further confirmed when the caloric intake was compared between the LFD 
and HFD treatment groups and showed that all groups consumed approximately 10 kcals per 
day, regardless of the diet received. This demonstrated that the Balb/c mice were able to self-
regulate their caloric intake, despite consuming diets that are 0.7 kcal/g higher than the LFD 
groups.  
Monitoring the body weights of all mice upon arrival and more closely during the initial 
weeks of TAFO consumption was conducted in order to ensure that there were not differences 
among the eight treatment groups. Since the TAFO were derived from dietary sources of foods 
containing volatile and aromatic compounds, there was concern as to whether or not any 
specific diet would be more appealing and favorable than the others. If there was a clear 
preference to a particular diet, then pair-feeding would have been necessary and would have 
caused major complications due to the sheer size and scope of the study. However, analysis of 
both the initial few weeks of food intake and body weights showed no significant differences 
between the treatment groups. Therefore, the mice were able to continue consuming their 
respective diets ad libitum until the conclusion of the study. In a study that explored the mouse 
strain-dependent variation in obesity and glucose homeostasis in response to high-fat feeding, 
Balb/c mice that were fed a HFD (45% fat calories from lard) for eight weeks did not have any 
differences in body weight compared to the LFD group (Montgomery et al., 2013). In contrast, 
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all of the other mouse strains (BL6, 129X1, DBA/2 and FVB/N) significantly increased their body 
weights after consuming the HFD. The energy intake was higher in the HFD groups in all of the 
mouse strains except the BL6 and Balb/c models. As a result, our study results on body weight 
and energy intake in Balb/c mice correlate with the literature on this specific model. 
 The vast majority of all of the major organs and tissues were collected and the data 
showed treatment-specific effects on the recorded wet weights, and certain tissues were 
uniquely modulated by specific groups. Although the LFD, HFD or supplementation with TAFO 
in either did not affect the weights of the perirenal adipose tissue, lung or pancreas, there was 
an overall chicken TAFO effect on certain adipose depots. The chicken TAFO induced an 
overall reduction in mesenteric and gonadal adipose weights in both the LFD and HFD groups, 
not in in any of the other adipose tissues measured. This was especially interesting, as the 
physico-chemical characterization of the other TAFOs, specifically the fish TAFO, demonstrated 
that this frying oil was more deteriorated than the chicken. Furthermore, the reduction of brown 
adipose tissue due to both the HFD and fish TAFO in all groups was a response that was not 
expected. TAFO consumption has been reported to affect visceral organ and adipose weights in 
other preclinical models. Wistar rats that consumed canola frying oil produced from deep-frying 
corn flour dough over a 10 week time period significantly increased visceral adipose tissue 
weight and also induced early endothelial dysfunction (Bautista et al., 2014). In mice, C57BL/6 J 
mice were fed soybean frying oil that was heated for 3 hours over the course of 16 weeks. 
Although mice that consumed the heated soybean oil significantly increased fat pad mass, 
levels of PPAR-γ and UCP-1, two proteins involved in adipocyte differentiation and 
thermogenesis, respectively, were unaffected compared to the fresh oil control (Penumetcha, 
Schneider, Cheek, & Karabina, 2013b). The authors likely did not observe expected effects due 
to the fact that the soybean frying oil was only heated for a brief period of time, and nothing was 
actually fried in the oil. Therefore, the deterioration of the oil and the formation of undesirable 
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compounds and potential processing induced food toxicants likely involved in metabolic 
repercussions, such as altered lipid metabolism and organ weights were marginally affected. 
Chronic consumption of the HFD and fish TAFO appeared to cause catabolism of lipids within 
the gonadal and brown adipose depots, possibly due to widespread alterations in physiological 
hepatic fat metabolism. Significant modulations of adipose depots were likely attributed to the 
induction of dyslipidemia related to both oxidative stress from components within TAFO such as 
polymerized polar compounds. 
 The differential impact of the treatment diets on the organ weights varied depending on 
the diet received. Uterine weights were significantly increased by the HFD, a response that is 
expected despite the fact that these mice were ovariectomized, as it is widely reported that high 
levels of dietary fat intake is associated with higher serum levels of estrone and 
dehydroepiandrosterone sulfate in post-menopausal women (Nagata, Nagao, Shibuya, Kashiki, 
& Shimizu, 2005). However, the potato and fish TAFO caused an opposing effect, and 
significantly decreased uterine weights. Female reproductive organs are common targets of 
environmental and dietary toxicants, often interfering with embryo implantation, folliculogenesis 
and steroidogenesis, as well as directly targeting oocytes and inducing ovotoxicity (Hannon & 
Flaws, 2015). In addition, these exogenous environmental toxicants may also have affinity for 
uterine receptors, thereby affecting both the proliferation and plasticity of the organ. Plant-
derived compounds such as genistein, a well-known phytoestrogen derived from soybean, 
dose-dependently increased uterine weight after dietary intake (Nguyen, Kararigas, & Jarry, 
2013). However, the consumption of compounds derived from other plants such as Parkia 
platycephala Benth, a medicinal plant commonly found in Brazil, dose-dependently reduced 
uterine weights, likely through an antiestrogenic effect that may or may not be dependent on the 
estrogen receptor (Costa et al., 2013). Therefore, the diverse profile of potential undesirable 
compounds and food processing-induced toxicants within the potato and fish TAFO may be 
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responsible for the reduction in uterine weights. Both the kidney and spleen weights were 
increased by the HFD alone, and although these observed effects were statistically significant, 
they were likely not biologically relevant. However, TAFO consumption may have contributed to 
these observed effects. Male spontaneously hypertensive and Wistar Kyoto rats were fed TAFO 
derived from deep-frying sweet potatoes and chicken nuggets in soybean oil for 32 hours over 
the course of four days. Intake of this form of TAFO increased relative liver and kidney weights, 
modulated eicosanoid metabolism and increased oxidative stress (Yen et al., 2010). 
Liver weights were significantly increased by the TAFO in both the LFD and HFD 
groups. Further analysis of the livers by histopathology showed that all treatment groups 
showed signs of extramedullary hematopoiesis. In addition, macrovesicular vacuolation, which 
was interpreted as lipidosis but must be confirmed with further assays such as Oil-Red O 
staining, was present in all groups except the LFD fresh oil and LFD chicken TAFO groups. This 
observed effect was expected and followed the trend in the data gathered in this study. The LFD 
fresh oil controls did not significantly modulate any of the organ and tissue weights, whereas the 
chicken TAFO caused an overall catabolic effect in most adipose depots. This same effect was 
reflected in the LFD chicken TAFO livers, which could potentially indicate a systemic hydrolytic 
effect of lipids. While the LFD fish TAFO only mildly increased lipid accumulation in the liver, the 
HFD caused a more moderate effect. Moreover, all the HFD groups exhibited much more 
severe macrovesicular vacuolation than their LFD counterparts, with the HFD fish TAFO having 
the highest grade of macrovesicular vacuolation. Therefore, this may potentially be evidence of 
an additive or perhaps even a synergistic effect between the LFD fish TAFO and HFD. These 
effects may have been caused by altered lipid metabolism due to compounds in TAFO such as 
hydroperoxy and hydroxyl fatty acids, which are direct agonists of the PPAR family of nuclear 
receptors. In addition, fat intake may also play a role, as HFD induced adiposity and hepatic 
steatosis is widely reported in the literature to be diet-induced. Female CD-1 mice fed a HFD 
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(60% kcal from fats) for 10 weeks resulted in ectopic lipid accumulation in the liver, and induced 
hepatic genes associated with fat sequestration such as Ppar-γ2, Cd36 and Mgat1 (Gao, Ma, & 
Liu, 2015). Moreover, pegs fed oxidized canola oil that was heated for 72 hours induced the 
expression of fibroblast growth factor 21, an effect likely attributed to the action of PPAR-α, as 
well as increased levels of cyl-CoA oxidase, carnitine palmitoyltransferase-1 and novel organic 
cation transporter 2 in the liver (Varady, Ringseis, & Eder, 2012). Taken together, diet-induced 
dyslipidemia by TAFO consumption in combination of a HFD may have led to the potential 
development of nonalcoholic fatty liver disease observed in the groups with high levels of 
macrovesicular vacuolation. A similar effect was reported in a model in guinea pigs fed a 
Westernized diet (Tveden-Nyborg et al., 2016). Moreover, since this model did not involve 
obesity, the development of hepatic steatosis was diet-induced, much like our own study. 
RNA-sequencing of the liver was conducted in order to investigate what potential gene 
clusters and pathways were being modulated by the TAFO and HFD diets, given that their 
overall wet weights and histopathology were significantly affected. Since no prior literature on 
the effect of TAFO consumption on BC metastasis had been conducted before, RNA-
sequencing would reveal how the constituents within TAFO specifically modulated the 
transcriptome of the liver. Only the LFD chicken TAFO group upregulated genes related to lipid 
metabolism compared to the LFD fresh oil control, suggesting that the undesirable compounds 
and potential dietary toxicants within this type of TAFO were exerting this effect. Polar 
compounds and their polymerized forms have been reported to direct agonists of PPAR-α and 
PPAR-γ, thereby potently modulating major pathways responsible for the metabolism of hepatic 
lipids. To further support this possibility, results showed that the LFD chicken TAFO, LFD fish 
TAFO and the HFD fish TAFO all significantly upregulated genes related to fatty acid 
metabolism and the PPAR family of nuclear receptors. As a result, the evidence suggests that 
long-term TAFO consumption has widespread implications for lipid metabolism within this 
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model. The LFD chicken and LFD fish TAFO groups also downregulated genes associated with 
oxidation-reduction, P450 and inflammation. TAFO contains oxidized lipids, lipid breakdown 
products and polymers, as well as numerous potential toxicants such as heterocyclic amines 
and acrylamide that may all affect xenobiotic metabolism and inflammatory cascades. Prior 
literature on preclinical models with TAFO reported that the consumption of diets containing 
TAFO derived from deep-frying wheat dough sheets in soybean oil for 24 hours in male 
Sprague-Dawley rats dose-dependently increased mRNA acyl-CoA cytochrome P450 4A1, 
microsomal CYP4A protein and triglyceride levels in livers (Chao, Chao, Lin, & Huang, 2001). In 
another study conducted where Wistar rats were intraperitoneally injected with extracts derived 
from oil that was repeatedly fry fish for 5 days, the treatment induced hepatic cytochrome P450 
isozymes, benzo(a)pyrene metabolism and DNA binding, which may all contribute to cancer 
progression (Pandey, Yadav, Parmar, & Das, 2006). In pigs, 29 days of the consumption of 
oxidized canola oil heated for 72 hours increased nuclear concentrations of nuclear factor 
erythroid-derived 2-like 2, which is associated with enzymes involved in xenobiotic metabolism 
and stress response in liver (Varady et al., 2012). Moreover, oxidized oil intake induced 
expression levels of antioxidant and phase II genes in liver such as superoxide dismutase 1, 
heme oxygenase 1, glutathione peroxidase 1 and thioredoxin reductase, as well as the nuclear 
factor kappa B, a well described transcription factor known as the master regulator of 
inflammatory cascades. Taken all together, our data demonstrated that TAFO consumption 
significantly altered genes in the liver associated with oxidative stress, inflammation, lipid 
metabolism and xenobiotic metabolism. Furthermore, these results correlated with studies on 
intake of similarly produced TAFOs in other major preclinical models involving rats and pigs. 
  Gross evaluation of whole mounts of mammary glands from mice in all eight treatment 
groups showed that the TAFO treatments had virtually no exogenous estrogenic effect, despite 
its consumption in both LFD and HFD diets for approximately five months. Ductal branching and 
 42 
 
terminal end bud proliferation were minimally affected and the mammary glands were effectively 
barren, despite the fact that HFD is widely known to be weakly estrogenic. However, the HFD 
potato TAFO group had significantly more TEBs than its LFD potato TAFO counterpart, 
whereas the HFD alone did not induce any proliferation. Therefore, this suggested a potential 
additive TEB growth effect in the mice that consumed a combination of the potato TAFO and 
HFD. High carbohydrate fried foods such as potato French fries contain significant quantities of 
acrylamide, a well-known dietary toxicant whose exposure is linked to adverse health effects in 
humans. Recently, the U.S. Food and Drug Administration released a “Guidance for Industry: 
Acrylamide in Foods” document that underscores the importance of addressing this chemical 
within food sources. Moreover, it has been deemed reasonably anticipated to be a human 
carcinogen (Division of Plant Products and Beverages, Office of Food Safety and Applied 
Nutrition, 2016). In addition, it has been reported that there is a positive correlation between 
dietary acrylamide intake and receptor-positive breast cancer risk in post-menopausal women 
(Pedersen et al., 2010b). Therefore, since our preclinical model utilized a receptor-positive cell 
line and ovariectomized mice, acrylamide may have acted as a weak estrogenic ligand to 
induce alterations in TEB counts. In contrast to our obesity-resistant Balb/c model, diet-induced 
obesity has been found to disrupt ductal development in the mammary glands on nonpregnant 
C57BL/6J mice (Kamikawa et al., 2009). 
 Mice in the LFD fish TAFO group had double the number of metastatic pulmonary 
tumors compared to the LFD fresh oil control, which is nearly the same effect observed in mice 
consuming HFD fresh oil diet. In a mammary injection model of female Balb/c mice that were 
fed a HFD (60% kcal fat) for 16 weeks, the HFD significantly increased the number of metastatic 
lung nodules and inflammatory markers related to adhesion and angiogenesis, compared to the 
control diet (Kim et al., 2011). These data suggest that the consumption of fish TAFO created a 
favorable physiological microenvironment similar to a HFD, thus promoting tumor cell 
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proliferation, migration and invasion. These effects were likely induced through a combination of 
increased oxidative stress and upregulation of inflammatory cascades, thereby altering 
migration and invasion related to tumor growth patterns. Diet-induced non-alcoholic fatty liver 
disease, even at the initial stages, has been demonstrated to establish a highly supportive 
microenvironment for the proliferation of colon cancer cells and subsequent metastasis to the 
liver in C57BL/6J male mice who were fed a 42% fat diet (VanSaun, Lee, Washington, 
Matrisian, & Gorden, 2009). Hepatic steatosis facilitated the creation of a favorable stromal 
microenvironment by which the accumulation of inflammatory cells such as neutrophils and 
secretion of inflammatory cytokines promoted metastasis. In our study, we observed 
macrovesicular vacuolation, which was interpreted as lipidosis, in our HFD groups, especially in 
the HFD fish TAFO. Therefore, lipid accumulation and hepatic steatosis mediated by potentially 
inflammatory conditions may have contributed to the BC outcomes we observed. 
Although high-fat diets have long been associated with BC and the development of more 
invasive BC in humans, the effect of TAFO consumption on BC progression had never been 
addressed or reported in the literature. Therefore, the effect on BC metastasis from long-term 
LFD fish TAFO intake is a novel finding that underscores the importance of the dietary lipid 
sources consumed. TAFO groups were supplemented with a HFD in order to determine if there 
would be a potential additive or synergistic response in BC progression. In actuality, the data 
showed that the HFD fish TAFO caused a statistically significant reduction in the number of 
metastatic lung tumors compared to its HFD fresh oil counterpart, whereas the HFD potato 
TAFO and HFD chicken TAFO did not exert an effect. Thus, there was an observed antagonist 
effect with the HFD diet supplemented with fish TAFO, as opposed to the expected additive or 
synergistic response. A possible explanation for this effect is that the undesirable compounds 
and food toxicants interacted with the HFD, possibly by affecting genes related to lipid and 
xenobiotic metabolism, thereby interfering with mechanisms responsible for BC progression. For 
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instance, the pregnane xenobiotic receptor, an orphan nuclear receptor that is activated by 
numerous exogenous environmental ligands such as endocrine disruptors, has been implicated 
in the regulation of apoptosis and pathways associated with breast cancer proliferation and 
metastasis (Pondugula & Mani, 2013). Therefore, some of the constituents within the HFD fish 
TAFO may have served as agonists for the pregnane xenobiotic receptor and caused induction 
of apoptosis in the pulmonary tumors.  
 All of the LFD TAFO treatments, as well as the HFD fresh oil, significantly increased Ki-
67 expression in the pulmonary tumors, compared to the LFD fresh oil control. As a result, this 
indicated that an element unique to TAFO consumption increased tumor cell proliferation within 
the lung tissue. However, the effects of the TAFO diets supplemented with a HFD differed 
greatly from their respective LFD groups. Compared to the HFD fresh oil, the HFD potato TAFO 
and HFD chicken TAFO caused a significant reduction in Ki-67 expression, whereas the HFD 
fish was significantly higher in cell proliferation than all of the other three groups. This reduction 
in cell proliferation may be related to the pulmonary metastatic outcomes observed in these 
groups. For example, the HFD potato TAFO and HFD chicken TAFO groups did not have 
statistically significant differences in the number of lung tumors compared to the HFD fresh oil. 
Further analysis in the lung tumors showed that compared to the LFD fresh oil control, the LFD 
potato TAFO, LFD chicken TAFO, LFD fish TAFO and HFD fresh oil diets all significantly 
increased cleaved caspase-3 expression, cellular apoptosis, in the pulmonary tumors. 
Therefore, the data suggest that all of the LFD TAFO treatments increased tumor cell turnover 
rate by upregulating both cell proliferation and apoptosis within the pulmonary tumors, and that 
this effect was observed in also the HFD fresh oil group. In addition, the HFD chicken TAFO and 
HFD fish TAFO both increased apoptosis, compared to the HFD fresh oil, suggesting a potential 
additive effect of the TAFO in these HFD groups. The markedly increased expression of both 
cell proliferation and apoptosis in the HFD fish TAFO group compared to its HFD fresh oil 
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counterpart may have attributed to the reduction of number of metastatic pulmonary tumors 
observed in these two groups. In addition, necrosis, an effect only seen in the HFD or TAFO 
treatment groups, may have also contributed to metastatic tumor outcomes. Therefore, a 
combination of increased cell proliferation, apoptosis and necrosis potentially inducing a slight 
reduction of metastatic lung tumors in the HFD fish TAFO group relative to the HFD fresh oil 
group. A CT26 colon cancer model of Balb/c male mice fed a HFD (60% kcal from fat) for 16 
weeks showed that the HFD increased lung metastasis, Ki-67 expression, reduced apoptosis as 
well has a number of markers involved in inflammation, angiogenesis and proliferation in tumors 
(Park et al., 2012). As a result, this suggests that TAFO-induced BC metastasis is likely a 
complex combination of metabolic cancer pathways associated tumor growth. 
Histopathological analysis of the metastatic pulmonary tumors indicated that the TAFO 
treatments induced varying levels of aggressiveness by altering the growth patterns and tumor 
morphology. The tumors localized within the lungs fell into four distinct classifications after 
evaluation by a lung pathologist. Apart from the subpleural location, tumors were also localized 
peribronchially and surrounded around larger blood vessels. Further, neoplastic epithelial cells 
possessed large basophilic nuclei, often containing multiple nucleoli and large volumes of 
slightly basophilic cytoplasm. In addition, mitotic figures were frequently observed and 
sometimes exhibited extremely abnormal morphological features. Moreover, spindeloid tumor 
cells were present in some groups, particularly in the LFD fish TAFO, HFD fresh oil and HFD 
fish TAFO treatments. Spindle cell (sarcomatoid) carcinoma of the breast is a rare and unique 
form of metastatic breast cancer with poorly cohesive sheets of spindle-shaped tumor cells 
(Schwartz, Mogal, Papageorgiou, Veerapong, & Hsueh, 2013). In a clinical study involving 29 
case studies, clinicopathologic and immunohistochemical analyses on excised tumors from 
patients showed breast carcinomas that exhibited spindle cell morphology were very aggressive 
neoplasms with high rates of metastases (Carter, Hornick, Lester, & Fletcher, 2006). 
 46 
 
Furthermore, it has been reported that metastatic carcinoma of the breast with progression from 
adenosquamous carcinoma to osteosarcomatoid can develop spindle cell morphology in a case 
study (Chuthapisith, Warnnissorn, Amornpinyokiat, Pradniwat, & Angsusinha, 2013). This 
ultimately led to pulmonary metastasis and the subsequent death the patient due to its highly 
aggressive characteristics. Therefore, the spindle shaped morphology of the metastatic tumor 
cells we observed in our treatment groups indicate that there was both a HFD and TAFO-related 
induction and transformation of BC cells into aggressive spindeloid forms. This was an intriguing 
effect that must be further investigated using molecular bioanalytical techniques. 
 There were additional morphological and structure changes in the lung tissue that did 
not fall under the five distinct categories. All animals appeared to have numerous circulating 
neutrophils in the lung, as well as large quantities of circulating megakaryocytes. Additionally, 
some animals had regions of lung tissue that were hemorrhaged. This observed effect was 
often associated with hemosiderin, which is the result of the degradation of red blood cells 
following a hemorrhage, as well as edema and necrosis. Moreover, some animals had 
perivascular edema and exhibited markedly enlarged vasculature with smooth muscle 
hypertrophy. Hemorrhaged regions of lung tissue could potentially have been the result of 
vascular injury caused by the tumor or trauma occurred during euthanasia. Furthermore, edema 
could be due to vascular injury or to lymphatic blockage. 
Aggressiveness levels of the metastatic pulmonary tumors demonstrated unique diet 
treatment effects that differentially affected the histopathology of the lung tissue. The HFD fresh 
oil significantly increased the number of micrometastases and tumors dispersed within the 
alveoli, compared to the LFD fresh oil control. The LFD fish TAFO and HFD fish TAFO 
significantly affected the number of intravascular tumors, micrometastases, and tumors 
dispersed within alveoli. The HFD fresh oil significantly increased the number of 
micrometastases and tumors dispersed within alveoli, but not intravascular tumors, as this effect 
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was only unique to the LFD or HFD groups containing fish TAFO. A large prospective cohort 
study by the National Institutes of Health-AARP Diet and Health Study found that there was a 
direct correlation between dietary fat intake (total fat consumed and type of fat) on risk of breast 
cancer invasiveness in post-menopausal women (Thiebaut et al., 2007). Furthermore, 
undesirable compounds and potential food processing-induced toxicants produced from deep-
frying foods that alter BC proliferation, migration and invasiveness behaviors may likely be 
responsible for the observed metastatic outcomes. The cooked meat-derived mammary 
carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), commonly found in grilled 
and fried meats, has been reported to promote invasive behavior of breast cancer cells by 
inducing the expression of cathepsin D, cyclooxygenase-2 and matrix metalloproteinase activity 
(Lauber & Gooderham, 2011). Treatment of mammary cancer cell lines MCF-7 and T47D with 
PhIP induced a dose-dependent increase in cellular digestion and migration through a 
basement membrane. Furthermore, PhIP increased cell proliferation in MCF-7 human breast 
cancer cells and activated the ER-α receptor, but these effects were not replicated with other 
heterocyclic amines (Bennion et al., 2005). Overall, the data indicated that the LFD fish TAFO, 
HFD fish TAFO and HFD fish TAFO increased pulmonary tumor aggressiveness levels, 
compared to the LFD fresh oil control as demonstrated by higher numbers of intravascular 
tumors, micrometastases and tumors dispersed within alveoli. These tumor types are likely an 
indication of higher levels of invasiveness and aggressiveness since these forms of outgrowth of 
metastases are linked to pulmonary blood vessels and capillaries. These observed effects may 
be attributed to diet-induced modulations in the tumor microenvironment, with inflammation 
being a potential major contributor. 
Quantification of the BLI intensities from the tibial tumors showed no significant 
differences among all eight groups from post-injection day 4 through 16, with marginal effects 
on day 20. This observation could likely be due to oversaturation of the BLI intensities over the 
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course of the image capture period of 3 min. Therefore, this was not attributed to any influence 
from the bioluminescent Luc2 gene of the 4T1 cells that has been speculated to interfere with 
the migration or invasiveness of the tumor cells. It has also been previously reported that the 
insertion of the Luc2 gene into 4T1 cells had no impact on the proliferation, invasion or 
metastasis of the tumor cells in Balb/c mice and as a result can be utilized for quantitative 
analyses (Baklaushev et al., 2015). The mice were imaged after a 3 min incubation period with 
I.P. injection of luciferin. The BLI camera accumulates all of the bioluminescence released by 
the tumor cells in that entire duration and since the tibial tumors were quite massive in size, 
oversaturation occurred, as demonstrated by the photo-bleaching effect depicted in white color. 
In another model of syngeneic orthotopic murine model of BC metastasis, 4T1-luc2 cells were 
implanted subcutaneously, percutaneously or in the mammary fat pad. BC metastasis was 
monitored by BLI after 10 min of luciferin incubation (Rashid et al., 2014). They were able to 
quantify the BLI data, and this increased incubation period may have prevented oversaturation 
of the images due to having more time for the substrate to dissipate. Monitoring the percentage 
of mice that possessed pulmonary tumors over the study period by BLI yielded results that did 
not represent a distinct pattern, except at day 4 post-injection. At day 4 post-injection, the HFD 
fresh oil and HFD fish TAFO groups had significantly higher percentages of mice detected with 
metastatic lung tumors than their respective LFD diet counterparts. These data potentially 
indicate that the addition of the HFD in these two groups primed the tibia with microenvironment 
conditions favorable for rapid colonization and proliferation of tumor cells. 
In conclusion, TAFO was generated by continuously deep-frying foods in soybean frying 
oil using commonly used industry techniques. These TAFOs were incorporated as 10% of the 
total weight of the diet and fed long-term to mice using a LFD or HFD model of late-stage 
metastatic BC. The effect of TAFO consumption on BC metastasis was monitored throughout 
the post-injection period by bioluminescent imaging. We report for the first time that the 
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consumption of TAFO enhanced BC metastasis from the tibial implantation site to the lungs by 
two-fold compared to the low-fat fresh oil control and also transformed the morphology of these 
metastatic pulmonary tumors. Histopathological analyses confirmed that the lung tumors 
exhibited more aggressive morphological features, as well as elongated spindle cell 
carcinomas, a rare and highly invasive form of BC metastasis. In addition, 
immunohistochemistry of metastatic lung tumors showed that the HFD and TAFO 
supplementation induced significant increases in both cell proliferation and apoptosis. 
Classification of these pulmonary tumors by histopathology demonstrated that the HFD and 
TAFO treatments enhanced outgrowth of metastasis by significantly increasing the formation of 
intravascular tumors, micrometastases and tumors dispersed within alveoli, three aggressive 
tumor types that are associated growth along blood vessels and capillaries. Taken altogether, 
these data suggest that the consumption of processed dietary lipids such as TAFO may 
significantly affect chronic disease outcomes such as BC metastasis. Therefore, further 
research to gather more evidence on the mechanistic action of TAFO would provide evidence-
based knowledge for the development of dietary and food safety preventative measures 





CHAPTER 5: FUTURE WORK AND DIRECTIONS 
 
Based on the data gathered thus far from this study, there are more analyses that can 
be performed as future work in order to improve the understanding of how TAFO consumption 
mediated the enhancement of BC metastasis. Immunofluorescence (IF) and 
immunohistochemical analysis of lungs (IHC) of the metastatic tumors would show how the lung 
microenvironment has been altered. In order to evaluate if the treatments induced inflammatory 
signaling, leukocyte accumulation and their differentiation state would be visualized by IF/IHC 
with CD45+ (leukocyte marker) and CD206+ (M2-macrophage marker). These data will show 
whether adipocytes within the tumor tissues facilitate the infiltration of macrophages into the 
lungs among the different treatment groups. In addition, tumors that exhibited the highly 
aggressive spindle cell morphologies could be isolated and analyzed for markers associated 
with BC adhesion, migration and invasion. Further, terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) could be performed to determine if the TAFO treatments induced 
DNA fragmentation, an indicator of activation of apoptotic signaling cascades. This would serve 
as confirmatory evidence of our cleaved caspase-3 IHC data. Furthermore, in collaboration with 
Dr. Rohit Bhargava at the Beckman Institute, fourier transform infrared (FT-IR) spectroscopic 
imaging for unique spectral signatures of tumors would be conducted on the TAFO-treated 
pulmonary metastases. FT-IR would allow for histopathologic analyses, molecular pathology, 
and development of unique spectral signatures from the pulmonary tumors based on diets 
consumed (Figure 64). 
Preliminary results from the RNA-sequencing of the livers showed modulation of genes 
related to xenobiotic metabolism, stress response and lipid metabolism in the liver. Therefore, 
quantitative real-time PCR assays would facilitate the determination of how specifically TAFO 
consumption induced changes in the expression pattern of genes related to metastasis, 
oxidative stress, induction of cytoprotective and detoxifying mechanisms, as well as 
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inflammation (Chuang et al., 2013; Y. Zhang, Li, & Chen, 2013). Additionally, a broader range of 
TAFO-responsive genes may be identified using more specific and targeted PCR array kits. 
TAFO contains a diverse profile of hydroperoxy and hydroxyl fatty acids which may directly 
activate nuclear receptors such as peroxisome proliferator-activated receptors (PPAR), thereby 
affecting the expressions of downstream genes associated with lipid metabolism. Hepatic 
mRNA concentrations of representative PPAR-α genes (Cyp4a10 and Acox1) could also be 
measured to determine the effect of TAFO and HFD on lipid catabolism.  
Histopathological analysis of the H&E cross section of livers showed TAFO and HFD-
induced macrovesicular vacuolation, which was interpreted as lipidosis but further analysis 
would be required in order to confirm the presence of triglyceride accumulation. Oil Red O 
staining of liver sections would allow for the visualization and confirmation that the vacuoles 
actually contained hepatic lipids. In addition, trichrome staining of collagen in liver tissue would 
reveal patterns of liver injury related to TAFO and HFD-induced fibrosis and hepatic steatosis.  
Assays that would be performed to measure the triglycerides, thiobarbituric acid reactive 
substances (TBARS), homocysteine, free fatty acid profile and inflammatory markers in pooled 
plasma would demonstrate how TAFO affected lipid metabolism and inflammation (Neyrinck et 
al., 2013). The plasma triglyceride profiles, TBARS, FFAs, non-essential fatty acids, and 
homocysteine levels would be measured via ELISAs and assay kits to assess the level of 
oxidative damage and lipid peroxidation from TAFO consumption. TAFO and HFD-induced 
plasma cytokine levels of IL-1α, IL-1β, IL-6, MCP-1, TNF-α, IL-10 and IL-13 would be measured 
using a mouse cytokine array panel kit to evaluate how the primary markers of inflammation 
were modulated. 
The effect of HFD and TAFO consumption on the mammary gland structure, visceral 
adiposity and white/brown fat mass would be measured using IF/IHC and quantitative assays. 
TAFO and HFD-induced inflammatory cell recruitment into mammary glands would be 
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evaluated by sectioning and staining for macrophages, cell proliferation, eosinophils and mast 
cells. Visceral, white and brown adipose tissue would be utilized to assess TAFO and HFD-
induced dyslipidemia, transcript changes in genes related lipid metabolism and localization of 
various fat depots. Significant differences between groups would justify further investigation by 
PCR for genes related to adipose tissue inflammation and lipid catabolism. The skeletal muscle 
of the gastrocnemius could also be examined to see how the HFD and TAFO treatment diets 
affected the fatty acid profile of intracellular lipids within the musculature. Moreover, aortas can 
be analyzed by IHC to explore if the HFD or TAFO induced atherosclerotic damage or 
endothelial dysfunction.  
Future animal studies involving this model of late-stage BC metastasis may explore how 
TAFO consumption may potentially affect the lipid composition of the brain and the diversity of 
the microbiome within the gastrointestinal tract. Regarding metastatic pulmonary tumors, those 
that exhibited necrosis, which was revealed through both the cell proliferation and cleaved 
caspase-3 immunohistochemistry stained lung slides, were excluded from analysis conducted. 
This was done in order to maintain consistency and prevent interference of the quantitative 
analyses utilized due to the various cell types accumulated within the necrotic tissue. This was 
apparent in the cleaved caspase-3 expression in necrotic cores of metastatic lung tumors, 
where apoptotic bodies and remnants of cellular fragmentation were highly expressed as 
densely stained cells (Figure 65). 4T1 is a transplantable cell line is derived from a murine 
mammary carcinoma. In humans, women can be diagnosed with invasive ductal cancer with 
central necrosis, or comedo carcinoma (Pervez & Khan, 2007). These types of neoplastic 
lesions have a characteristic central necrotic core and are classified as a highly aggressive 
form. We observed this morphology in the pulmonary metastatic tumors in our mice. Therefore, 
it would be interesting to explore what molecular markers are being affected in these HFD and 







Figure 1. Thermally abused frying oil (TAFO) and research design schematic. A) 
From left to right: fresh soybean frying oil, fish TAFO, chicken TAFO and potato TAFO, 
produced after 16 hours of deep-frying in the pilot plant. These TAFO samples were 








Figure 2. Cell proliferation analysis of TAFO treatment. Effect of TAFO treatment 
(1-1000 µg/mL) on cell viability in 4T1 murine mammary gland metastatic cells after 24 
hours. Means with different letters are significantly different from each other within 





Figure 3. Total food intake and calories consumed over study period. A) Food 
intake (g/day) among the low-fat diet (LFD) and high-fat diet (HFD) treatment groups. 
B) Energy intake (kcal/day) of all eight groups. TAFO was administered on the fourth 
week (red arrow) and mice were inoculated with 4T1 tumor cells on week 20 (green 
arrow). Legend: LF = low-fat, HF = high-fat, SO = fresh soybean oil, PO = potato 

































Figure 4. Body weight over study period. A) Body weights (g) of mice among the 
low-fat diet (LFD) and high-fat diet (HFD) treatment groups over time. B) Final body 
weights immediately prior to sacrifice (n = 21, HFD effect; p = 0.00432). TAFO was 
administered on the fourth week (red arrow) and mice were inoculated with 4T1 tumor 
cells on week 20 (green arrow). Legend: LF = low-fat, HF = high-fat, SO = fresh 




















































Figure 5. Final perirenal adipose tissue weight. Perirenal adipose tissue wet weight 
(g) among the eight treatment groups. No statistical differences were observed (n = 











































Figure 6. Final pancreas weight. Pancreas wet weight (g) among the eight treatment 










































Figure 7. Final lung weights. Lung wet weight (g) among the eight treatment groups. 



















































Figure 8. Final mesenteric adipose tissue weight. Mesenteric adipose tissue weight 
(g) among the eight treatment groups. A statistically significant chicken TAFO effect 














































Figure 9. Final gonadal adipose tissue weight. Gonadal adipose tissue weight (g) 
among the eight treatment groups. A statistically significant chicken TAFO effect was 
















































Figure 10. Final brown adipose tissue weight. Brown adipose tissue weight (g) 
among the eight treatment groups. A statistically significant effect was observed from 
the fish TAFO treatment and HFD, as shown by the darker tan colored and patterned 












































Figure 11. Final uterine weight. Uterine weight (g) among the eight treatment 
groups. Statistically significant results were observed in the potato and fish TAFO 
groups, as well as the HFD groups, shown in red and patterned red, respectively (n = 











































Figure 12. Final liver weight. Liver weight (g) among the eight treatment groups. 
Significant differences were detected in all TAFO treatment groups (patterned) but not 
from the HFD (n = 21, Potato TAFO effect; p = 0.005962; Fish TAFO effect; p = 










































Figure 13. Final kidney weight. Kidney weight (g) among the eight treatment groups. 
Significant differences were detected in the HFD groups as shown in the patterned 












































Figure 14. Final spleen weight. Spleen weight (g) among the eight treatment groups. 
Significant differences were detected in the HFD groups, shown in the patterned bars 






Figure 15. Liver histopathology. Representative image of an H&E liver section from 
a mouse that consumed the LFD fresh oil diet. Macrovesicular vacuolation score = 0 




   
Figure 16. Liver histopathology. Representative image of an H&E liver section from 
a mouse that consumed the LFD potato TAFO diet. Few hepatocytes affected with 
macrovesicular vacuolation (red arrow). Macrovesicular vacuolation score = 1 (n = 8). 






Figure 17. Liver histopathology. Representative image of an H&E liver section from 
a mouse that consumed the LFD fish TAFO diet. Small numbers of hepatocytes 
affected, mostly microvesicular (green arrow) and some macrovesicular vacuolation 






Figure 18. Liver histopathology. Representative image of an H&E liver section from 
a mouse that consumed the HFD fresh oil diet. Multiple hepatocytes in the 
centrilobular area are affected by macrovesicular vacuolation (red arrows). 







Figure 19. Liver histopathology. H&E liver section from a mouse that consumed the 
HFD fish TAFO diet. Significant numbers of hepatocytes affected with dense 




Figure 20. Liver histopathology. H&E liver section from a mouse that consumed the 
LFD chicken TAFO diet. Metastatic tumor with neoplastic cells similar to the lung 





Figure 21. Liver histopathology. H&E liver section from a mouse that consumed the 
HFD chicken TAFO diet. Both microvesicular and macrovesicular vacuolation are 
present. Hepatocytes surrounding the centrilobular vein (center) are moderately 






































   
Figure 22. Liver macrovesicular vacuolation. A) Liver macrovesicular vacuolation 
scores (ranging from 0, no vacuolation to 4, severe vacuolation) of all eight treatment 
groups from histopathological evaluation of H&E liver sections. Significant differences 
were observed from the TAFO factor (n = 8, p < 0.05) and HFD factor (n = 8, p < 0.05). 
B) Macrovesicular vacuolation scores represented by the LFD and HFD groups. 











• LFSO = low-fat fresh oil 
• LFCO = low-fat chicken TAFO 
• LFFO = low-fat fish TAFO 
• HFSO = high-fat fresh oil 
• HFFO = high-fat fish TAFO 
Figure 23. RNA-sequencing of livers. RNA-sequencing heat map of 455 genes 
modulated in the liver of five treatment groups: LFD fresh oil, LFD chicken TAFO, LFD 
fish TAFO, HFD fresh oil and HFD fish TAFO. Blue represents downregulation and red 





Figure 24. RNA-sequencing of livers. Modulation of genes (Module 10) related to 
lipid metabolism by the treatment diets. Eigengene values below zero represent 
downregulation and values above zero indicate upregulation of genes. Asterisks 
denote significant statistical differences relative to the LFD fresh oil control (n = 4, LFD 






Figure 25. RNA-sequencing of livers. Modulation of genes (Module 12) related to 
oxidation-reduction, P450 and inflammation by the treatment diets. Eigengene values 
below zero represent downregulation and values above zero indicate upregulation of 
genes. Asterisks denote significant statistical differences relative to the LFD fresh oil 





Figure 26. RNA-sequencing of livers. Modulation of genes (Module 15) related to 
fatty acid metabolism and PPARs by the treatment diets. Eigengene values below zero 
represent downregulation and values above zero indicate upregulation of genes. 
Asterisks denote significant statistical differences relative to the LFD fresh oil control (n 







Low-fat fresh oil 
High-fat fresh oil Low-fat fish TAFO 
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Figure 27. Whole mounts of mammary glands. Whole mounts of mammary glands 
from representative groups showing ductal branching, alveolar and terminal end buds. 
A low-dose estrogen control from a previous study was included as a reference for 









































Figure 28. Ductal branching levels of mammary glands. Whole mounts of 
mammary with ductal branching levels, graded from least to most branching, 0 to 3. 































Figure 29. Terminal end buds in mammary glands. Quantification of terminal end 
buds of whole mount mammary glands. Asterisks denote a statistical difference (n = 
21, p = 0.03). 
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Figure 30. Terminal end buds in mammary glands. Quantification of terminal end 
buds of whole mount mammary glands. Means with different letters are significantly 







































Figure 31. Pulmonary metastatic tumors. Gross macroscopic features of dissected 






























Figure 32. Quantification of pulmonary metastatic tumors. Quantification of 
metastatic tumor nodules in the lung. Asterisks denote statistically significant 


















































Figure 33. Quantification of pulmonary metastatic tumors. Quantification of 
metastatic tumor nodules in the lung in all eight diet treatment groups. Asterisks 








Figure 34. Quantification of Ki-67 expression in lung tumors. Quantification of Ki-67 
expression, a marker of cell proliferation, from immunohistochemical analysis in 
metastatic lung tumors in all eight diet treatment groups. A) Comparing oil treatments as 
independent group based on oil type due to an interaction effect and B) comparing LFD 
and HFD. Means with different letters are significantly different from each other within 
each group (n = 21, p < 0.05*). Asterisks denote a statistical difference (p < 0.05). 
c 
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Figure 35. Ki-67 expression in stained lung tumors. Immunohistochemistry 
showing Ki-67 expression (densely stained cells) in metastatic lung tumors in four 





Figure 36. Cleaved caspase-3 expression in lung tumors. Quantification of cleaved 
caspase-3 expression, a marker of apoptosis, from immunohistochemical analysis in 
metastatic lung tumors in all eight diet treatment groups. A) Comparing oil treatments as 
independent groups based on oil type due to an interaction effect and B) comparing LFD 
and HFD. Means with different letters are significantly different from each other within 
each group (n = 21, p < 0.05*). Asterisks denote a statistical difference (p < 0.05). 
b 
































































Figure 37. Cleaved caspase-3 expression in stained lung tissue. 
Immunohistochemistry showing cleaved caspase-3 expression (densely stained cells) 








Figure 38. Lung histopathology. H&E lung section of a mouse that consumed the 




Figure 39. Lung histopathology. H&E lung section of a mouse that consumed the 
LFD fish TAFO diet showing a solid surface tumor with a large necrotic core (red 






Figure 40. Lung histopathology. H&E lung section of a mouse that consumed the 





Figure 41. Lung histopathology. H&E lung section of a mouse that consumed the 
HFD fresh oil diet showing a perivascular lung tumor with aggressive and elongated 




Figure 42. Lung histopathology. H&E lung section of a mouse that consumed the 
LFD fish TAFO diet showing an intravascular tumor with cancer cells invaded through 




Figure 43. Lung histopathology. H&E lung section of a mouse that consumed the 





Figure 44. Lung histopathology. H&E lung section of a mouse that consumed the 
HFD fish TAFO diet showing a dispersed tumor with cancer cells likely following 




Figure 45. Tibial bone histopathology. A) H&E bone section of the right leg, 
including foot, of a mouse that consumed the LFD fish TAFO diet showing a large tibial 
tumor with neoplastic epithelial cells that extended into the musculature (red arrow). B) 






Figure 46. Classification of pulmonary metastatic lung tumors. Lung tumors 
classified into four major types of tumors from four major diet treatment groups of 





Figure 47. Well differentiated parenchymal, perivascular and surface lung 
tumors. Effect of treatment diets on the number of well differentiated tumors in the 
lung. No statistically significant differences were observed between treatment factors 




Figure 48. Intravascular lung tumors. Effect of treatment diets on the number of 
intravascular pulmonary tumors. Asterisks denote statistically significant differences 





Figure 49. Lung micrometastases. Effect of treatment diets on the number of 
micrometastatic tumors with less than 100 cancer cells. Asterisks denote statistically 








Figure 50. Lung tumors dispersed within alveoli. Effect of treatment diets on the 
number of tumors dispersed within alveoli and localization in alveolar walls and 
capillaries. Asterisks denote statistically significant differences compared to the LFD 
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Figure 51. Bioluminescent imaging (BLI) of tumor progression. Effect of treatment 
diets on the breast cancer progression from tibial injection site to lung region, based 
































Figure 52. BLI intensities of tibial tumors from all diet treatment groups over 
time. Quantification of the bioluminescence from the tibial region of all groups up to 
post-injection day 20 (n = 21). Legend: LF = low-fat, HF = high-fat, SO = fresh 






Figure 53. BLI intensities of tibial tumors. Quantification of the bioluminescence 
from the tibial region of all groups on post-injection day 4. No statistically significant 
differences were observed (n = 21, p > 0.05). Legend: LF = low-fat, HF = high-fat, SO 



































Figure 54. BLI intensities of tibial tumors. Quantification of the bioluminescence 
from the tibial region of all groups on post-injection day 8. No statistically significant 
differences were observed (n = 21, p > 0.05). Legend: LF = low-fat, HF = high-fat, SO 
= fresh soybean oil, PO = potato TAFO, CO = chicken TAFO and FO = fish TAFO. 
 








Figure 55. BLI intensities of tibial tumors. Quantification of the bioluminescence 
from the tibial region of all groups on post-injection day 12. No statistically significant 
differences were observed (n = 21, p > 0.05). Legend: LF = low-fat, HF = high-fat, SO 






















Figure 56. BLI intensities of tibial tumors. Quantification of the bioluminescence 
from the tibial region of all groups on post-injection day 16. No statistically significant 
differences were observed (n = 21, p > 0.05). Legend: LF = low-fat, HF = high-fat, SO 






























Figure 57. BLI intensities of tibial tumors. Quantification of the bioluminescence 
from the tibial region of all groups on post-injection day 20, comparing the A) LFD and 
HFD diets, and B) TAFO treatments. Asterisks or means with different letters are 
significantly different from each other (n = 21, p < 0.05). Legend: LF = low-fat, HF = 
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Figure 58. Percent of mice with pulmonary metastases by BLI. Evaluation of the 
percentage of mice with bioluminescence activity localized within the lung region of all 
groups up to post-injection day 20 (n = 21). Legend: LF = low-fat, HF = high-fat, SO = 




Figure 59. Percent of mice with pulmonary metastases by BLI. Evaluation of the 
percentage of mice with bioluminescence activity localized within the lung region of all 
groups on post-injection day 4. Means with different letters are significantly different 
from each other (n = 21, p < 0.05). Legend: LF = low-fat, HF = high-fat, SO = fresh 
soybean oil, PO = potato TAFO, CO = chicken TAFO and FO = fish TAFO. 










Figure 60. Percent of mice with pulmonary metastases by BLI. Evaluation of the 
percentage of mice with bioluminescence activity localized within the lung region of all 
groups on post-injection day 8. Means with different letters are significantly different 
from each other (n = 21, p < 0.05). Legend: LF = low-fat, HF = high-fat, SO = fresh 














Figure 61. Percent of mice with pulmonary metastases by BLI. Evaluation of the 
percentage of mice with bioluminescence activity localized within the lung region of all 
groups on post-injection day 12. Means with different letters are significantly different 
from each other (n = 21, p < 0.05). Legend: LF = low-fat, HF = high-fat, SO = fresh 
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Figure 62. Percent of mice with pulmonary metastases by BLI. Evaluation of the 
percentage of mice with bioluminescence activity localized within the lung region of all 
groups on post-injection day 16. Means with different letters are significantly different 
from each other (n = 21, p < 0.05). Legend: LF = low-fat, HF = high-fat, SO = fresh 













Figure 63. Percent of mice with pulmonary metastases by BLI. Evaluation of the 
percentage of mice with bioluminescence activity localized within the lung region of all 
groups on post-injection day 20. Means with different letters are significantly different 
from each other (n = 21, p < 0.05). Legend: LF = low-fat, HF = high-fat, SO = fresh 

























Figure 64. Fourier transform infrared (FT-IR) spectroscopic imaging for unique 
spectral signatures of tumors. FT-IR will allow for histopathologic analyses, 
molecular pathology, and development of unique spectral signatures from the 
pulmonary tumors based on diets consumed. Green box and arrows show preliminary 





Figure 65. Pulmonary intravascular tumor with a necrotic core. Cleaved caspase-
3 immunohistochemistry stain showing apoptotic tumor cell (red arrow) and apoptotic 
bodies (green arrow) within an intravascular lung tumor in the high-fat fresh oil group 
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